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Abstract
The timing performance of the scintillator detector is of critical importance to positron
emission tomography. An improvement in this quantity will lead to dramatically improved
image quality giving better information to clinicians. With the recent large improvements in
the performance of scintillator detectors, due to switches to new inorganic scintillator crystals
such as LYSO and new photodetectors such as MPPCs, smaller effects are no longer negligible
if we wish to continue to improve. In this PhD I present a Fisher Information based statistical
model. This allows light-based contributions to the timing performance to be quantified.
The model allows us to suggest areas of attack which could lead to further improvement in
scintillator detector performance. To validate this model, experimental work has been carried
out at UCL and CERN. This validation is split into radiation and optical measurements. I
first present a new study into the effect of the interaction position within the scintillator crystal
upon the timing performance. The radiation results demonstrate no relationship between the
two effects. Secondly to explore this relationship further, I performed measurements looking
at how the surface profile of the scintillator crystal alters light propagation through it. These
measurements are performed using time correlated single photon counting and a reflection
goniophotometer. The optical results demonstrate the surface can delay propagation of light
through the scintillator crystal.
With the validated model, estimates of the Cramer Rao Lower Bound are made for vari-
ous potential improvements such as preferred direction surface scattering and refractive index
mismatch correction. I conclude with the presentation of one potential method; namely util-
ising metasurfaces upon the lateral faces of scintillator crystals to scatter light towards the
photodetector.
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Chapter 1
Introduction
1.1 Motivation
Advances in materials and technologies used in Positron Emission Tomography (PET) have lead
to significant improvements in image quality [1]. PET scanners are comprised of many thousand
scintillator detectors. Each scintillator detector is composed of a scintillator crystal — a material
which emits light when ionising radiation strikes it and a photodetector — a device for conversion
of light into an electrical signal. Both in recent times have been improved. In the case of the scin-
tillator crystal, older materials such as BGO are being replaced by new heavy inorganic materials
such as LYSO and BaFr. These newer materials have much higher light outputs and much lower
decay times [2, 3]. For the photodetectors, older style photomultiplier tubes are being replaces
with Silicon Photomultiplier (SiPM) or Multi-Pixel Photon Counter (MPPC). In addition to be-
ing faster, these detectors function within strong magnetic fields allowing potential multi-modal
scanners such as PET-MRI [4].
In this work degradation effects upon the performance of modern scintillator detectors are inves-
tigated. This work looks at what would previously be considered negligible effects and endeavours
to determine if the limits of scintillator detector performance can be pushed further. We are
primarily interested in optical effects within the scintillator crystal and whether incorporation of
‘photonics’ can help improve the time resolution. Further improvements in the timing performance
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of the scintillator detector will allow incorporation of Time of Flight (TOF) information into PET.
This will not only reduce scan times, TOF information will allow significant improvements to the
image quality [1,5,6]. Specifically, a reduction time resolution will lead to a higher signal to noise
ratio. This will produce higher contrast images, thus giving clinicians more information about
their patient [7].
Positron-Emission
Tomography
Scintillator
Detector
Metasurfaces
Noisy image
due to poor time 
resolution of  ...
Poor 
time resolution
improved by ...
Light Transport
is optimised
Better time
resolutions leads 
to clearer images
Figure 1.1: PET is a complex system whereby issues in one layer can significantly affect the
performance in another. In PET, noisy images can be improved by improvement of the radiation
detectors used. In this work it is proposed that alteration of the light transport via inclusion of a
metasurface upon each scintillator detector will improve performance.
In figure 1.1 the synopsis of the content to be covered within this thesis is stated. The initial
aim is to experimentally explore contributions to the performance of scintillator detectors using
direct and indirect techniques. These results will be used to validate an experimental model. The
model will be used to explore potential areas for improvement. Finally we will look at inclusion of
a metasurface to alter light propagation through the scintillator crystal.
1.2 Outline of Thesis
To begin, experimental measurements to explore light propagation within the scintillator crystal
are presented. In Chapter 3 radiation measurements exploring the effect of the interaction position
upon the timing and energy performance of the scintillator detector are presented. These measure-
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ments were published in PLOS ONE in 2014 [8]. Following this, optical measurements performed
at UCL are presented in Chapter 4. Two experiments present new work looking at light inter-
action with the scintillator crystal. Performance changes are inferred from these measurements.
The results collected from both experimental chapters are used in Chapter 5 to validate a new
statistical model to predict the effect of light propagation through the scintillator crystal upon the
timing performance of the scintillator detector. Both analytical and Monte-Carlo simulations of
light propagation are presented and used. In Chapter 6 the statistical model is explored further
to look at more complex surface and geometrical effects. The model is used to predict potential
improvements due to alterations in scintillator crystal shape and incorporation of scattering struc-
tures at the lateral faces. Finally in Chapter 7 one method for designing such scattering structures
is presented. To demonstrate this method of calculating the scattering differential cross section a
polar angle confinement structure is designed.
In each chapter Python code has been used to analyse data, plot graphs, simulate light prop-
agation, calculate timing performance and design scattering structures. Where appropriate the
code for each has been placed online at www.github.com/marksbrown.
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Chapter 2
Background
2.1 Positron-Emission Tomography
Overview of Technique
Positron-Emission Tomography, or PET, is a medical imaging technique. Images are formed by
recovering a density map of positron-emitting, biologically-active radiotracer within the patient.
This radiotracer will form a non-uniform distribution within the patient determined by the bio-
logical process it seeks to interact with. For instance FDG is a glucose analog commonly used
in oncology for determining tumour spread within a patient. To determine the location of the
radiotracer the result of radioactive decay within the patient must be detected. This is done by
detection of the resulting products from positron-electron annihilation. A positron will annihilate
close to its emission position [4] with an electron forming two 0.511MeV gamma ray photons. Due
to momentum conservation, both gamma ray photons will travel in opposing directions. Detection
of both gamma ray photons allows us to define a line, known as the Line of Response (LOR).
Collections of such LORs allow variations in absorption of the radiotracer to be mapped and thus
an image is generated.
In this section we will discuss each of these terms in greater detail.
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2.1.1 Radiotracer
Reputedly the first usage of radioactive material for tracking was carried out by George de Hevesy
in the early twentieth century. Using Lead-212 he was able to definitively prove his landlady’s
recycling of leftovers into meals later in the week! The most common radiotracer used in PET today
is a glucose analogue known as Fludeoxyglucose (18-FDG). Different rates of glucose absorption
in the body leads to a varying density of radiotracer throughout the body. Crucially 18-FDG is
used in oncology due to tumours absorbing 10 times as much glucose as regular tissue [7].
In figure 2.1 the relationship between three key parameters in PET is shown.
Figure 2.1: Three effects are linked in PET. These are dosage, sensitivity and scan time. An
improvement in one, will allow a reduction in the other two.
The three parameters are dosage — the amount of radiotracer injected into a given patient,
scan time — the duration of a given PET scan and sensitivity — the percentage of (true) gamma
ray photon pairs detected. Simply put, an ‘improvement’ in any of these three, will lead to an
improvement in the other two. For instance if it was possible to safely increase the radiation dosage
to the patient, the scan time would be reduced and the sensitivity would not need to be as high to
produce an image of the same quality. Maintaining two of the parameters and improving a third
will improve PET image quality.
The injected dose, typically 400MBq or 8mSv for a whole body scan [9], must be kept as low as
possible to prevent radiation poisoning to the patient. Furthermore fast-growing tissue experiences
comparatively high damage due to radiation. Since these tissues also absorb more glucose than
the body, this leads to a disproportionally higher radiation dose due to the targeted nature of the
radiotracer. This high dosage currently prevents vulnerable groups such as children from using
PET. Therefore a future aim should be to reduce this dosage.
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PET scanners typically perform a low number of scans per day. This is due to the long scan
time required to detect such the radiation dose used in PET. An increase in the number of scans
per day would decrease the running cost per patient.
The fraction of positron emissions detected compared to those produced is known as the sensi-
tivity. In PET this fraction is below 0.05% for a whole body image [7]. One of the aims towards the
next generation of PET scanner is to improve this [7]. The two primary factors to the sensitivity
are the solid angle coverage of scintillator detectors about the patient and the detection efficiency
per scintillator detector. The former is generally limited due to the cost and additional complexity
of more scintillator detectors. The latter will discussed in section 2.2.3 further.
2.1.2 Positron-Electron Annihilation
e+e-γ γ
Figure 2.2: Back-to-back gamma ray photons detected in opposing scintillator detectors defining
a line-of-response (LOR).
Two back-to-back gamma rays define a line of response (LOR). A non-zero net momentum of the
electron-positron pair will result in acollinearity from 180◦ [10]. Positrons emitted from radiotrac-
ers will have an initial amount of kinetic energy. The probability of annihilation increases with
decreasing net velocity of the electron-positron pair. Until annihilation, the positron loses energy
via elastic scattering, typically travelling 0.1 mm for 18-FDG positrons in a water [11, Fig.7]. For
no magnetic field, this distance is typically taken to be the intrinsic spatial resolution of the PET
scanner [4]. The actual spatial resolution in practice is related to the shape of the scintillator
crystal. This is discussed further in section 2.2.3.
2.1.3 PET Image Reconstruction
In figure 2.3 a simulation of the reconstruction process used in PET is shown.
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Figure 2.3: Simulation of the reconstruction process of an object used in PET. This image is taken
from [12].
In this figure we can see three sub-figures; a, b, c. ‘a’ shows a single LOR between two scintillator
detectors shown in green. ‘b’ in a linear summation of many LORs. In this image it is seen that
a high density of intersections will indicate a high density of radiotracer. In ‘c’ the resulting PET
image from the intersection data is shown. This is created without any TOF information.
In an actual image reconstruction, algorithms take into account a wide variety of factors to
improve image quality. These include gamma-ray attenuation within the body, movement of the
patient and relative scintillator detector positioning.
2.1.4 Image Quality Metrics
Image quality is typically characterised by the Noise-equivalent count rate (NECR), which is
defined as
NECR =
T 2
T + S + 2R
(2.1)
where T is the true coincidence event rate, S is the scattered event rate and R is the random event
rate. T is the number of true γγ events detected via the photoelectric effect per unit time. S
is similar but in this case one (or both) of the gamma ray photons interacts with the scintillator
detector via Compton scattering. R is the rate due to completely uncorrelated random γ detections.
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R can be simplified into
R = 2R2i∆T (2.2)
where Ri is the individual random count rate for a single scintillator detector and ∆T is the
maximum time window between γγ pairs allowed. In the above we assume that the individual
count rate is identical for all scintillator detectors within the PET scanner. It can be seen that can
see that a reduction in ∆T will lead to an increase in the NECR. The width of the time window
must be sufficiently large to account for the uncertainty in detection time, the time resolution, of
each scintillator detector. If ∆T is too low, the true coincidence rate, T , will be artificially reduced
by clipping. Therefore the time resolution must be improved to allow this reduction.
For sufficient improvement in the time resolution, the difference in flight time between the two
gamma ray photons could be determined. This would allow us to assign probability to regions
along the LOR of where the emission site originated. This is known as time-of-flight (or TOF)
information. In figure 2.4 a simulation of the reconstruction process, with TOF information, is
shown.
Figure 2.4: Simulation of the reconstruction process of an object used in PET using TOF infor-
mation. Note the reduced noise about the object of interest. This image is taken from [12].
Compared to figure 2.3 the resulting reconstructed image shows less noise about the object of
interest. Several studies [5, 6] have investigated the relationship between image quality and the
time resolution. In [5, Table 4] predicted performance gains for inclusion of TOF information upon
the NECR are shown. Additionally a lower number of counts would be required to produce an
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image of the same quality without TOF information. Therefore it would be possible to accomplish
quicker scan times [13].
2.2 The Scintillator Detector
Overview
In figure 2.5 a cross section of a scintillator detector is shown.
Isotropic Light
L
Scintillator crystal
Optical grease
Photodetector
Depth of Interaction
γ
Figure 2.5: The scintillator detector is comprised of three main components. A scintillator crystal
to convert incident radiation into an isotropic burst of optical photons. A photodetector to convert
the generated optical light into an electrical signal. Optical grease to improve coupling between the
scintillator crystal and the photodetector. The length of the scintillator crystal L and the depth
of interaction (Depth of Interaction (DOI)) are shown.
Ionising radiation striking a scintillator crystal will produce a large number of low energy
photons. These are predominantly in the optical regime and will therefore be referred to as optical
photons1. The number of optical photons produced and energy of each will depend on the intrinsic
material properties [2].
In this work we are interested in detection of 0.511 MeV gamma-ray photons. The process from
γ interaction with the scintillator detector to successful detection can described as thus:
1. A single γ interacts with the scintillator crystal by the photoelectric effect and is totally
absorbed producing a single high-energy electron-hole pair.
2. Passing through the scintillator crystal this high-energy electron thermally excites a large
number of additional electron-hole pairs. In a modern scintillator material this is typically
1Many scintillating materials do in fact produce photons in the ultra-violet, however these are difficult (and
expensive) to detect due to absorption by most forms of glass used in photodetectors
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tens of thousands. This occurs within a micron-sized volume near to the γ interaction
position.
3. Produced electron-hole pairs typically take tens of picoseconds to reach locations where
recombinations can occur. These sites are known as luminescent centres.
4. At each luminescent centre recombination occurs, typically taking tens of nanoseconds, caus-
ing the emission of a optical photon.
5. Each optical photon will have a random direction and polarisation with respect to others.
6. Those optical photons which are not lost, will arrive at the photodetector and potentially be
detected.
The important points of this process will now be discussed in further detail. First we must
cover the names of specific components commonly used along with some nomenclature.
2.2.1 Properties of the Modern Scintillator Detector
Scintillator Crystals
In this PhD we use Lu2SiO5:Ce, commonly known as glslso or Lu(2-x)YxSiO5:Ce, known as Cerium
doped Lutetium Yttrium Orthosilicate (LYSO:Ce). Whilst there are many other scintillator
crystals available, L(Y)SO (LSO or LYSO) is set to be used in the ‘next generation’ of PET
scanner due to its excellent performance compared to prior materials such as Bismuth Germanate
(BGO). The difference between the two scintillator crystals is primarily one of crystal growth.
LYSO has a much lower melting point [14] than LSO which makes it comparatively easier to
fabricate. Also LYSO has a marginally lower density than LSO. LYSO is 7.1gcm3 compared to the
LSO value of 7.4gcm32. Unless otherwise stated the properties of LYSO and LSO are considered
identical. Due to this LSO and LYSO are typically considered interchangeable terms.
Whilst Cerium doping is common, other dopants have been demonstrated. For instance Calcium
doped LSO has been shown to have a lower decay rate [15]. More detailed information with respect
to the material science of inorganic scintillator crystals can be found in [16]. Both LSO:Ce and
LSO:CeCa are used in chapter 3.
2Internally measured at UCL using vernier callipers and a balance.
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Photodetectors
Two photodetectors are considered in this PhD. A Photonis XP 2020 [17] photomultiplier tube
(PMT) and a Hamamatsu S10931-050P [18] multi-pixel photon counter (MPPC). The former was
selected due to its ubiquity and the latter as it is the current standard photodetector in operation
with our colleagues at CERN. The hamamatsu handbook [19] covers a detailed introduction to
photodetectors. An excellent review of the basics of scintillator detectors as a whole can be found
in [20].
2.2.2 γ Interaction with the Scintillator Crystal
Sub-MeV ionising radiation will interact with the scintillator crystal via two mechanisms. These
are via total absorption (the photoelectric effect) or inelastic (Compton) scattering. In both cases
the number of electron-hole pairs generated is proportional to the energy deposited.
In figure 2.6 a luminescent centre of a scintillator crystal is shown.
Emission
Absorption
E
K
Figure 2.6: E-k diagram for a typical luminescence centre within a scintillator crystal. The relative
offset of bands is responsible for differences in absorption and emission spectra.
Due to this E-K behaviour scintillator crystals are transparent to the radiation they produce by
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electron-hole combination. For sufficiently high energy deposited by interaction with the scintillator
crystal, the number of photons produced will be proportional to this. An example of the energy
distribution seen for 662 keV gamma ray photons interacting with a scintillator crystal is shown
below in figure A.5.
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Figure 2.7: A typical energy spectrum for 662 keV gamma ray photons incident upon a scintillator
crystal made of Cerium doped Lutetium Orthosilicate (LSO:Ce). The photopeak is fitted with a
red line indicating a fitted Gaussian.
The apparatus and method to capture the above figure is shown in Appendix A.2. In the
above figure we can see a Gaussian peak. This peak, which we will refer to as the photopeak, is
the result of photoelectric interaction with the scintillator crystal. In this case the peak location
corresponds to the energy deposited — 662 keV. The spread about this value is due to the finite
energy resolution of the scintillator detector. The energy resolution is defined as ∆EE where ∆E is
the FWHM of the photopeak and E is the photopeak location. The energy resolution is discussed
in the next chapter in greater detail in section 3.3.2.
In PET we are only interested in selecting events which interact by the photoelectric effect.
Therefore we only consider events which have an energy close to the photopeak centroid. If this was
not performed there would be an ambiguity in the time correlation between true events increasing
noise in the final PET image.
2.2.3 Shape of the Scintillator Crystal
The shape of the scintillator crystal in PET is determined by three factors. These are tesellation,
spatial resolution and sensitivity. These factors combine to ensure scintillator crystals are long,
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thin cuboids. Due to the importance this will play later in the thesis we will discuss these three
factors in greater detail.
Tessellation of Scintillator Crystals
Ideally there would be a one to one ratio of scintillator crystal to photodetector. However due
to the high cost of photodetectors and complexity of circuitry required to connect thousands of
scintillator detectors into a single system, this is not the case. Scintillator crystals are typically
arranged in tesselated blocks connected to multiple photodetectors. Using Anger logic, relative
light intensity between photodetectors, it is possible to determine which scintillator crystal an
event occurred within. Therefore to maximise sensitivity and leave no gaps, scintillator crystals
should be designed to tessellate.
Spatial Resolution of PET
Figure 2.8: For a ring of scintillator detectors, three volumes due to lines of response are shown.
These are the on-axis, off-axis and off-axis with depth of interaction (DOI) information.
27
The spatial resolution of images produced by PET will be limited by the ‘width’ of the scintillator
crystal. Lines of response in fact define volumes of response. This is due to the finite size of the
scintillator crystal as well as the ambiguity of gamma ray photon interaction position within the
scintillator crystal. The effect can be seen in figure 2.8. Thinner scintillator crystals will therefore
define thinner volumes. The scintillator crystals in this work are of the shape 2× 2×L mm3. The
‘pixel’ size in this case is 2× 2 mm2.
Sensitivity of Scintillator Detectors
Longer scintillator crystals will interact with a greater proportion of gamma ray photons. The
probability of a gamma ray photon interacting with the scintillator crystal follows an exponential
decay of the form
F (z|E) = 1− e−σ(E)ρz (2.3)
where F (z) is the probability of absorption after a distance z through a material with density ρ.
σ is the (incident energy,E, dependent) total cross section of the material. LSO has a total cross
section of 0.1173gcm−3 [21]. Combined with a density of 7.34gcm−3, the attenuation length is
calculated to be 12 mm at 0.511MeV. Using equation 2.3 a scintillator crystal of length 20 mm
will interact with approximately 80% of incident gamma ray photons. The desire to capture as
many gamma ray photons as possible is the primary reason to maintain long scintillator crystals
in PET.
Ideally scintillator crystals would be sufficiently long to ensure all gamma ray photons are
detected. However the overall performance of a PET scanner would be degraded if this was
done. Firstly, longer scintillator crystals possess poorer timing performance than shorter [22].
This is due to increased variance in travel time from excitation position to the photodetector
[23]. Experimental results in this area are presented in section 3.4. Secondly, in PET scintillator
detectors are arranged in rings about the patient. In figure 2.8 lines of response will in fact define
volumes of response. Compared to the on-axis case, the off-axis case has a higher volume. This
is the parallax degradation to the spatial resolution. The parallax effect is compounded by longer
scintillator crystals. To counter this knowledge of the DOI within a scintillator crystal would allow
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a reduction in the spatial resolution.
2.2.4 Dual Decay Process
In the case of total absorption by the photoelectric effect, a gamma ray photon will generate N0
electron-hole pairs3 which is defined as
N0 = Eγ LY (2.4)
where Eγ is the energy of the incoming gamma ray photon and LY is the scintillation yield.
The subsequent recombination process in L(Y)SO is given by a chain of two decay processes; the
relaxation of the electron-hole pairs into luminescent centres and their subsequent recombination
causing the emission of a photon. These two processes can be modelled as a chain of two decays
between levels 1, 2 and 3. This can be written as
dN2
dt
= −N2
τ2
+
N1
τ1
(2.5)
dN2
dt
= −N2
τd
+
N0
τr
e−
t
τr (2.6)
where N is the number of scintillation photons produced at time t and τr, τd are the rise and decay
constants respectively. For L(Y)SO these constants are 89±13 ps and 43±0.3 ns [24] respectively.
It can be shown that equation 2.6 has the following solution [25]
N(t) =
N0
τd − τr (e
− tτd − e− tτr ) (2.7)
2.2.5 Light Output at the Photodetector
The number of photons detected (N) by the photodetector, known as the light output, is related
to the time resolution by a factor of 1√
N
[16]. These are subsequently converted to photoelectrons
and amplified. The resulting signal is analysed to give descriptive information about the incident
particle. Namely the energy deposited and the time of incidence.
3Here we assume all electron-hole pairs recombine by radiative decay.
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Algebraically we can express the number of photoelectrons generated, N , by
N = PDEN0 (2.8)
N = LeffEγ LY (2.9)
whereNph is the light output, PDE is the photon detection efficiency and Leff is the light extraction
efficiency. The PDE can be further split into
PDE =

CfPavFfqeff For SiPM
Cfqeff For PMT
(2.10)
For the SiPM (Silicon Photomultiplier), Cf is the photodetector loss factor, Pav is the probability
of causing an avalanche inside the photodiode, Ff is the fill factor, For the PMT (Photomultiplier
Tube), Cf is the photodetector loss factor and qeff is the quantum efficiency. The fill factor is
due to the ratio of useful photosensitive area to the total area of the SiPM in contact with the
scintillator crystal. Determining the size of each of these terms is difficult and beyond the scope
of this work. We therefore assume the PMT used will have a PDE of approximately 20% and a
SiPM has one of approximately 10% This assumes a Cf of 1.
The maximum light output can be estimated by assuming all generated photons are collected
— A Leff of one. This corresponds to no bulk absorption, perfect reflectivity of all surfaces not in
contact with the photodetector and no Fresnel losses from the coupling between scintillator crystal
and photodetector. For a 0.511 MeV gamma ray photon incident upon LYSO the maximum
light output is estimated to be 3800. This is due to a scintillation yield of 33,800 photons per
MeV [26, LYSO] and an average quantum efficiency of 22% [27, Photonis XP2020 Q].
2.3 Summary
In this (brief) chapter we have covered the basics of scintillator detectors and their use in Positron-
Emission Tomography. Additional background information will be given as chapters progress as
the information is required.
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Chapter 3
Direct Measurements
3.1 Introduction
3.1.1 Motivation
To begin we will explore the effect of γ interaction position upon the time and energy resolution
of the scintillator detector. This is so we can better understand the contribution of optical light
propagation through the scintillator crystal, light transport, upon the scintillator detector’s perfor-
mance. In this thesis we operate under the assumption that the contribution of the photodetector
to the timing performance will continue to decrease over time. The variance of optical photon
travel time, ∆t, through a scintillator crystal of length L can be estimated to be
∆t =
2nL
c
(3.1)
where n is the refractive index of the scintillator crystal and c is the speed of light. For a LYSO
scintillator crystal with length 20 mm, this gives a variance of 240 ps. Equation 3.1 corresponds to
an excitation at the photodetector end of the scintillator crystal. Half the light will travel through
the scintillator crystal’s length twice to again reach the photodetector (and detection). This effect
is already larger than the photodetector contribution to the timing performance [28].
Prior work has looked into the light transport contribution upon the scintillator detector per-
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formance [29–33]. In [34] the interaction position and its effect is explored for LSO and PMT
combinations. This work shows timing performance degradation due to scintillator crystal length
and surface finish. The degradation is attributed due to increased propagation delay due to dis-
persion at the lateral faces.
In this work we aim to see if the variation in the timing performance with interaction position
for various scintillator crystal lengths. In this manner we wish to determine if the geometrical
contribution is an averaging over multiple interactions, with regions of better performance, or if
the geometrical contribution is independent of the interaction position.
3.1.2 Outline
As radiation sources and high quality photodetectors were required, both experiments were per-
formed at CERN. Here expertise was provided by Dr. Stefan Gundacker and the PH-CMX group.
The results from the DOI measurements were published in 2014 [8]. A description of the basic
experimental procedure can be found in appendix A.1.
The depth of interaction (DOI), shown in figure 3.1, is the shortest distance to the photode-
tector from the Gamma ray photon (γ) interaction position. The DOI is a potential source of
degradation to the timing and energy performance of the scintillator detector due to:
• Increased variance in the photon time-of-flight to the photodetector.
• Larger mean path length within the scintillator crystal to the photodetector could lead to
increased surface light loss.
As discussed in the previous chapter, determination of the DOI is of importance for PET to negate
or reduce the contribution of parallax error upon the spatial resolution [35,36]. If successful, longer
scintillator crystals may be used leading to an improvement in the PET scanner’s sensitivity and
reduce overall scan times. Within monolithic scintillator detectors the same DOI information allows
spatial confinement within the detector itself [37,38]. Thus potentially allowing more novel [39] [40]
layouts and geometries.
In section 3.3 we begin by describing the standard and DOI coincidence apparatus. With this we
describe the method utilised in both for analysing the raw data. In section 3.3.4, we use this method
to characterise the 2×2×5 mm3 Agile Ca-co-doped LSO:Ce scintillator crystal used as the reference
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scintillator detector. Once this is accomplished the CTR with L is explored with the standard
coincidence apparatus using two identical 2 × 2 × L mm3 Proteus LYSO:Ce scintillator crystals
in section 3.4. Measurements conducted using the DOI coincidence apparatus are reported in
section 3.5.2. In all measurements we explore the contribution of material, geometry and wrapping
for polished scintillator crystals. PTFE (Teflon) tape is commonly used as the wrapping material
for scintillator crystals due its high reflectivity, ease of application and importantly its diffusive
properties. It should be noted however that PTFE is not used in commercial scintillator detectors
due to the large number of layers required about each scintillator crystal. This would reduce the
effective sensitivity. In these cases diffusive paint, such as Barium Sulphate (BaSO4), would be
utilised.
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Figure 3.1: The two timing coincidence apparatuses. In (a) the standard coincidence apparatus,
used in this chapter to measure the timing performance with the scintillator crystal length, L is
shown. In (b) the depth of interaction (DOI) coincidence apparatus is seen. In this, the measured
scintillator detector is rotated 90 degrees, with respect to the reference scintillator detector. In the
standard coincidence apparatus the Na22 source is placed equidistant between the two scintillator
detectors, whereas in the DOI coincidence apparatus the source is placed much closer to the
measured scintillator detector. This leads to electronic collimation forming a confinement region
within the measured scintillator detector. The confinement region is shown in grey surrounded by
a red dashed line.
3.2 Scintillator Crystal Samples
Two scintillator crystal materials were used for measurements at CERN. The first is LYSO:Ce
purchased from Proteus [41], which have been shown to be of excellent quality [22]. The second
material used is Agile Ca co-doped LSO:Ce, known as LSO:CeCa. These have been shown to have
a higher light output and faster decay time [42]. The light output being 22,000 MeV−1 for LSO:Ce
compared to 25,000 MeV−1 for LSO:CeCa. As well as the decay time being 43 ns for LSO:Ce
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compared to 31ns for LSO:CeCa [43]. The scintillator crystals used, and the names we will refer to
them as, are given in table 3.1. All scintillator crystals were coupled to the photodetectors using
the optical grease, Rhodorsil 47V [44] to improve light output.
Table 3.1: Scintillator crystals used in CERN experiments. L is the length of the scintillator crystal
with values of 5, 10, 15, 20 and 30 mm. This gives a total of 10 LYSO:Ce scintillator crystals used.
Key Material X (mm) Y (mm) Z (mm)
LA LYSO:Ce 2 2 5 < L < 30
LB LYSO:Ce 2 2 5 < L < 30
ref5A LSO:CeCa 2 2 5
ref5B LSO:CeCa 2 2 5
Ca20 LSO:CeCa 2 2 20
3.3 Experimental Method
3.3.1 Description of Apparatus
The timing coincidence apparatus is comprised of two Hamamatsu MPPC S10931-050P SiPMs
connected to CERN-developed NINO leading-edge discriminators via analogue amplifiers. The
energy and timing information of individual pulses are collected using a LeCroy DDA 735Zi high-
bandwidth oscilloscope. Our coincidence apparatus is held within a temperature-controlled cham-
ber to maintain stability of photodetector performance. The first five minutes of each measurement
are discarded due to any potential error introduced by temperature variation. This period was
determined to be sufficient for the temperature in the chamber to stabilise.
Scintillator crystals are coupled to the SiPM photodetectors using Rhodorsil 47V optical grease
to improve light output. The refractive indices of LYSO:Ce and the optical grease are approxi-
mately 1.8 [45] and 1.4 [44]1 respectively. Wrapped scintillator crystals are tightly bound in many
layers of PTFE tape to ensure good coupling between the scintillator crystal and wrap and min-
imise transmission losses. Prior to wrapping and usage, all scintillator crystals are cleaned using
isopropyl alcohol. Furthermore all scintillator crystals are handled with carbon-tipped tweezers.
Both of the above are done as they can degrade the performance of the scintillator crystal.
The optimal threshold and bias values of the SiPMs were determined by parameter sweep and
1The difference between this and the glass or plastic window of the photodetector is typically considered negligible.
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Table 3.2: Main SiPM parameters used for standard and DOI timing coincidence measurements.
Bias (V) Overvoltage (V) Threshold (V)
Left Detector 72.6 2.2 1.64, 1.56
Right Detector 72.7 2.2 1.64, 1.56
are given in table 3.2. A thorough description of the experimental method can be found in [46].
3.3.2 Processing Data from Coincidence Apparatus
The positron emission from the Na22 source will generate two 0.511MeV gamma ray photons in op-
position correlated in time. By selecting for events which interact solely by the photoelectric effect
we ensure that the incident gamma ray photon has interacted with matter only once. Therefore if
two gamma ray photons are detected in opposition within a small time window, it is highly likely
they are from the same electron-positron annihilation. It is this ‘electronic collimation’ timing
property which ensures we only record events from within the confinement region. These events
are found by selecting the subset of interactions which fall within 2σ of the photopeak centroid of
their respective energy spectra. This narrow range is chosen to drastically reduce the contribution
of overlapping Compton interactions. When two gamma ray photons are detected within their
respective photopeak energy ranges, as well as within a nanosecond of each other, the relative time
delay between the two is recorded. For many such true events the relative difference in arrival
time is histogrammed producing a Gaussian distribution known as the (relative) delay peak. The
FWHM of any Gaussian is related to its standard deviation (σ) by
FWHM = 4
√
ln 2σ (3.2)
For two identical photodetectors the FWHM of the delay peak is defined as the coincidence time
resolution (CTR) (see Appendix A.1.1 for more information), such that
CTR = 2
√
2 ln 2σmeasured (3.3)
where σmeasured is the scale parameter measured from the delay peak and σ is the time resolution
of the scintillator detector. This relationship holds because the delay peak is formed from the
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convolution of two Gaussian distributions. Each distribution corresponds to the delay peak of
each individual scintillator detector. In cases where we use a reference scintillator detector with a
known time resolution, the CTR of an unknown scintillator detector is determined by subtraction
in quadrature and a subsequent scaling such that
σ =
√
σmeasured − σ2ref (3.4)
CTR = 4
√
ln 2
√
σ2measured − σ2ref (3.5)
where σref is the (known) reference time resolution. All CTR values in this chapter are given in
picoseconds.
The energy resolution, σE , is defined as
σE =
∆E
E
(3.6)
where ∆E is the FWHM of the photopeak with centroid E. The energy resolution is typically given
as percentage. The two main contributions to the energy resolution are variance in the gain of the
photodetector used and variance in the light output for a fixed energy input into the scintillator
crystal.
3.3.3 Analysis of Data
The parameters describing the location and scale of the Gaussian distributions (the photopeaks
and delay peak per measurement) were found by weighted least-squared fit. The error per bin was
assumed Poissonian and taken as the square root of the number of measurements per bin. The
standard error in the fit parameters were determined by the bootstrap method [47]. The full code
used to perform the peak detection, peak fitting, parameter error determination and image & table
generation can be found at https://github.com/marksbrown/ProcessingCTRData.
3.3.4 Reference Detector Measurements
Using two identical reference scintillator crystals (ref5A, ref5B) the CTR was determined using
both the standard and DOI coincidence apparatuses. The key values from the measurements are
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Table 3.3: Coincidence time resolution values for two identical polished 2×2×5 mm3 Ca-co-doped
LSO:Ce wrapping in PTFE tape for standard and DOI measurements. χReduced is the reduced
chi-squared fit to the delay peak distribution.
Coincidence
Apparatus
Left Energy
Resolution (%)
Right Energy
Resolution (%)
Detected
true
Events
Delay Peak
Centroid (ps)
σref (ps) CTR (ps)
Standard 7.8±0.1 9.8±0.1 637±25 -77.5±2.3 39.3±1.2 131.0±4.0
DOI 10.5±0.1 12.7±0.1 1498±39 -14.0±1.5 39.6±0.9 132.0±2.9
shown in table 3.3 as time resolution and as CTR values. We note that the CTR from both
measurements are in agreement. The CTR value from the standard coincidence measurement is in
agreement with a prior measurement in [Table 2] [48] of 123±7 ps. For the remaining measurements
the reference detector CTR is taken as 131± 4 ps unless otherwise stated.
3.4 Standard Coincidence Apparatus Results
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Figure 3.2: The CTR with scintillator crystal length is plotted for Proteus LYSO:Ce scintillator
crystals of lengths 5, 10, 15, 20 and 30mm. All crystals possess a cross section of 2× 2× mm2.
Standard coincidence measurements are made of the Proteus LYSO:Ce scintillator crystals listed in
table 3.2. Two identical crystals, which are referred to as LA and LB, of each length are placed into
opposing, identical, scintillator detectors. The CTR is then determined as the FWHM of the delay
peak directly. In figure 3.2 we see the expected degradation of the CTR with increasing crystal
length [22, 49–51] [52]. The full set of results are given in table 3.4. In these measurements the
wrapping was reapplied by a second individual and the measurement retaken. These are referred
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Table 3.4: Standard coincidence apparatus measurements for two identical polished Proteus
LYSO:Ce scintillator crystals wrapped in PTFE tape. All crystals have a cross section of 2 × 2
mm2. χ2Reduced is the reduced chi-squared fit to the delay peak.
Wrapped By length
(mm)
Left Energy
Resolution (%)
Right Energy
Resolution (%)
Detected
true
Events
Delay Peak
Centroid (ps)
CTR (ps)
Wrap 1 5 7.05±0.07 9.44±0.09 856±29 -68.8±2.4 154.9±4.9
Wrap 2 5 6.33±0.08 7.36±0.09 361±19 -68.8±3.4 140.8±6.5
Wrap 2 5 6.89±0.05 7.29±0.05 1526±39 -64.8±1.6 139.9±3.0
Wrap 1 10 8.24±0.06 9.63±0.07 1032±32 -124.4±2.6 185.6±5.0
Wrap 2 10 6.66±0.05 7.59±0.05 515±23 -168.4±3.6 169.7±7.0
Wrap 1 15 9.05±0.05 9.07±0.05 1875±43 -176.0±2.1 201.9±4.1
Wrap 2 15 6.82±0.04 7.67±0.04 1569±40 -108.8±2.0 178.2±3.6
Wrap 1 20 10.97±0.05 9.85±0.05 1731±42 -85.2±2.2 202.7±4.0
Wrap 2 20 6.99±0.03 9.27±0.04 2003±45 -131.1±2.1 205.5±4.5
Wrap 1 30 10.94±0.04 13.07±0.06 3382±58 -58.6±1.8 237.7±3.3
Wrap 2 30 9.73±0.04 10.79±0.05 3502±59 -70.6±1.6 212.4±3.0
Wrap 2 30 9.52±0.05 10.72±0.06 2369±49 -67.9±1.9 209.6±3.8
to as ‘wrap 1’ and ‘wrap 2’. Finally for the 5 mm and 30 mm the measurement is repeated by the
same person. These steps were performed to determine the size of the contribution to the CTR
introduced by the individual involved. We see that the ‘quality’ of the wrapping leads to a large
systematic variation that must be carefully taken into account for measurements to be validly
compared between scintillator crystals. One potential explanation of this result is presented in
Section 6.2. Given that we also see a shift in the delay peak centroid between these measurements,
we would conclude correct alignment upon the SiPM is also vital.
Also in table 3.4 we see that the energy resolution (%), for both left and right scintillator
detectors, is poorer at higher L. This is due to increased variance in the total energy recorded.
The light output per detected γ is reduced with L; likely due to increased path length of photons
through the scintillator crystal. Also note that each measurement was conducted for 15 minutes
each. Finally notice that the number of true events detected increases with L for the same time
period (15 minutes) per measurement. This is due to the increasing volume of scintillator crystal
within the confinement region defined by electric collimation. This leads to an increased sensitivity
as expected.
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3.5 Depth Of Interaction Coincidence Apparatus Results
3.5.1 Overview
The standard coincidence apparatus, as shown in figure 3.1 on page 33, is altered in two key
respects. Firstly the right photodetector is placed within a 3D-printed clamp. This is designed to
hold the scintillator crystal vertically with respect to the reference detector. Secondly the Na22
source is placed much closer to the vertically aligned scintillator detector than the reference. As
in the standard apparatus both scintillator crystals are coupled to their respective photodetectors,
Hamamatsu MPPC S10931-050P SiPMs, using Rhodorsil 47V optical grease.
The size of the confinement region is primarily determined by the separation distances between
scintillator detectors and the Na22 source. The Na22 source is placed 5 mm from the scintillator
crystal under investigation. The reference scintillator detector is a further 40 mm on the opposite
side from the source, unless otherwise stated. As the Na22 source has a finite size of 1 mm3, this
defines the minimum size of the confinement region. For a source much closer to the scintillator
detector under interest than to the reference detector, the confinement region will tend to the
diameter of the source.
To determine the size of the confinement region experimentally we can exploit the relationship
between the confinement region and volume of scintillator crystal discussed in section 3.4. Namely
that there will be a fixed number of events per unit time if the volume of scintillator crystal does not
change. For the same measurement and same confinement region we can assume a uniform number
of events, regardless of DOI. Theremore if the confinement region passes outside the scintillator
crystal, the number of true events recorded will drop until electronic collimation prevents any true
events from being detected. In this we assume good alignment of the scintillator crystal with respect
to the central axis of the DOI coincidence apparatus. We represent this described behaviour as a
convolution between a uniform distribution and a Gaussian distribution. The uniform distribution
is chosen as we do not expect the rate of interaction to change with DOI since the volume of
scintillator crystal exposed via electronic collimation does not change. The Gaussian distribution
is an estimate of the cross section of the electronic collimation expected. The uniform distribution
has a width corresponding to the scintillator crystal length and an amplitude corresponding to the
mean number of detected true events. The FWHM of the normal distribution corresponds to the
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confinement region; In this case taken as 1 mm. As shown in figures 3.3 and 3.8 as a black-dotted
line this is a valid assumption for our apparatus.
0 5 10 15 20 25 30
Depth of Interaction (mm)
0
500
1000
1500
2000
2500
3000
3500
4000
N
um
b
er
of
γ
γ
ev
en
ts
de
te
ct
ed
30A unwrapped
30B unwrapped
30A wrapped
30B wrapped
Figure 3.3: The number of true events recorded with DOI for two Proteus 2×2×30 mm3 LYSO:Ce
scintillator crystals. A uniform distribution convolved with a Gaussian distribution with FWHM
of 1 mm is plotted as a dashed black line.
3.5.2 30 mm DOI Results
CTR Results
CTR measurements are performed twice using two identical polished Proteus LYSO:Ce 2× 2× 30
mm3 scintillator crystals. These scintillator crystals, the 30A and 30B, are measured at DOI val-
ues between 0 and 30 mm in 2.5 mm increments alternating between the two scintillator crystals.
By using two scintillator crystals in this fashion we are attempting to determine any systematic
contribution due to differences in coupling, alignment and surface finish. To determine the contri-
bution of wrapping material, each measurement is repeated with and without PTFE (Teflon) tape.
Measurements with complete wrapping will referred to as the wrapped configuration. Likewise no
wrapping is referred to as the unwrapped configuration. Each 30 mm measurement was taken for
54 minutes each. As in the standard coincidence measurements, the first 5 minutes prior to data
collection are ignored to ensure temperature stability within the sealed apparatus box.
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Table 3.5: Mean values for energy and timing performance of 30 mm DOI measurements. Results
are grouped by sample and configuration. χ2nofit refers to the reduced chi-squared of fitting the
weighted mean to the data.
SampleB configuration Right Energy
Resolution (%)
Detected
true
Events
Delay Peak
Centroid (ps)
CTR (ps) χ2nofit
30A unwrapped 15.76±0.02 3532±24 316.9±0.7 260.7±2.2 3.4
wrapped 13.84±0.02 3360±24 321.4±0.6 246.0±2.3 3.6
30B unwrapped 17.17±0.03 2735±20 306.0±1.3 256.9±5.3 0.6
wrapped 13.98±0.02 2816±20 293.6±0.8 231.7±2.9 1.7
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Figure 3.4: Coincidence time resolution (CTR in ps) versus the depth of interaction (DOI in mm)
for for two Proteus 2× 2× 30 mm3 LYSO:Ce scintillator crystals in the wrapped and unwrapped
configurations. Measurements are alternated with increasing DOI to check for any systematic error
introduced by individual scintillator crystals.
In figure 3.4 the CTR (in ps) against DOI (in mm) per sample and configuration is given. In
table 3.5 the values given for the timing and energy performance are averaged across the DOI.
Firstly we note that no clear relationship between CTR and DOI is visible. The reduced chi-
squared fit shows values close to unity for fitting to the weighted mean, indicating no relationship
between CTR and DOI in both crystals and configurations. Secondly the CTR measurements
from the wrapped configuration are consistently better than those from the unwrapped. The
differences between the configurations being 8±5 ps and 18±6 ps for 30A and 30B respectively.
The magnitude of this difference is much smaller than that which we would expect in the standard
CTR measurement. For instance it is seen in [Table IV] [22] that the difference in the CTR between
wrapped and unwrapped configurations is approximately 33%. The only difference between the
standard and DOI coincidence apparatus is the size of the confinement region. Our measurements
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therefore imply that knowledge of the excitation position within the standard coincidence apparatus
for an unwrapped scintillator crystal would reduce the measured CTR by at least 25%. We would
predict this behaviour is due to a reduction in the variance of the photon travel time to the
photodetector across multiple events.
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Figure 3.5: The delay peak centroid versus the DOI plotted for for two Proteus 2× 2× 30 mm3
LYSO:Ce scintillator crystals in the unwrapped and wrapped configurations. The plataeu is seen
in all measurements at approximately 20 mm.
Additional timing and energy results for 30 mm
In the coincidence apparatus measurements additional properties are recorded; namely the delay
peak centroid, the light output and the energy resolution. In figure 3.5 the shift in the delay
peak position with increasing DOI is plotted. It can be seen that a plateau is reached for both
configurations at 20 mm. In [53] this plateau is attributed to the travel time between photons
travelling ‘towards’ and ‘away’ from the photodetector approaching equality. As the electronic
trigger from the discriminator is tuned as close to the beginning of the signal as possible this
cannot come before generated light has physically travelled from it’s emission position to the
photodetector. This idea is supported by the total shift seen of 150ps to 370ps corresponding to
an approximate physical distance of 30 mm.
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Figure 3.6: The energy resolution (%) versus the DOI plotted for two Proteus 2 × 2 × 30 mm3
LYSO:Ce scintillator crystals in the unwrapped and wrapped configurations. For a DOI greater
than 5 mm, the mean energy resolutions are 16.52±0.02 % and 13.92±0.01 % for the unwrapped
and wrapped configurations respectively.
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Figure 3.7: The right photopeak centroid versus the DOI for two identical scintillator crystals of
shape 2×2×30 mm3 in the wrapped and unwrapped configurations. The right photopeak centroid
corresponds to the absolute light output of the scintillator detector under investigation.
In figures 3.6 and 3.7 we can see the energy resolution and right photopeak centroid of the
scintillator detector with DOI. The photopeak centroid corresponds to the absolute light output
arriving at the photodetector. Firstly we see the light output and energy resolution are better in
the wrapped configuration compared to the unwrapped for both scintillator crystals as expected.
For a DOI greater than 5 mm, the mean energy resolutions are 16.52±0.02 % and 13.92±0.01 %
for the unwrapped and wrapped configurations respectively. Secondly we notice that the wrapped
measurements show a systematic variation in the photopeak centroid, most likely due to differences
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in wrapping or coupling. Interestingly this pattern is also observed in figure 3.4 showing a poorer
CTR for the ‘30B Wrapped’ compared to the ’30A Wrapped’. Thirdly we notice that the light
output is approximately 20 % higher in the wrapped configuration with a minor drop off in both
configurations for increasing DOI. We attribute this to longer path lengths through the scintillator
crystal at higher DOI and therefore a greater chance of escape via Lobe reflection [54] or losses
via absorption. In all measurements the energy resolution is seen to be at its poorest for low
DOI values, despite a weak variation seen in the light output. This indicates a broadening of the
photopeak at low DOI values as no large change in the absolute light output is observed. Given
that this broadening occurs only at low DOI this implies the cause is due to the geometry of
the scintillator crystal. Essentially, at low DOI the solid angle of γ-generated light reaching the
photodetector without interacting with the side faces is high.
3.5.3 20 mm LSO:CeCa Measurements
To determine to what degree the material and scintillator crystal length contributes to the tim-
ing and energy performance we repeat the 30 mm measurements with a 2 × 2 × 20mm3 Agile
Ca-co-doped LSO:Ce scintillator crystal. Additionally we consider a third ‘partially wrapped’
configuration; namely that we wrap the side faces but leave the face opposing the photodetector
unwrapped. In doing so we expect to significantly reduce the contribution to the light output from
the backwards reflecting mode. Aside from reducing the total light output, we wish to determine
if the backwards reflecting mode has an effect upon the scintillator detector performance. For the
20 mm measurements, each measurement is collected for 90 minutes — An increase over the 30
mm measurements. This is done to counter the reduced sensitivity for shorter crystals and reduce
the error in the delay peak fitting.
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CTR Results
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Figure 3.8: Three configurations shown for a 2 × 2 × 20 mm3 LSO:CeCa scintillator crystal. In
this we see that the partially wrapped and wrapped configurations shown good alignment, whereas
the unwrapped shows poor. This will result in fewer events being collected and thus a larger error
in higher DOI measurements.
In figure 3.8 the number of detected true events is constant with DOI except for the unwrapped
configuration. In this case we see a gradual drop off in the number of true events recorded with
increasing DOI. This is due to poor vertical alignment of the scintillator crystal leading to the
confinement region drifting outside the scintillator crystal. In figure 3.9 we see that this results
in an increasingly larger error in the CTR until not enough events are collected to accurately
determine the value at all. Even so, we find that poor alignment whilst degrading the error in the
measurement, does not introduce a systematic shift into the CTR. Thus as long as the number of
true events collected is sufficiently high then poor alignment will not affect the CTR recorded.
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Table 3.6: Mean values for energy and timing performance of 20 mm DOI measurements. Results
are grouped by sample and configuration. χ2nofit refers to fitting the weighted mean to the data.
Configuration Right Energy
Resolution (%)
Detected
True
Events
Delay Peak
Centroid (ps)
CTR (ps) χ2nofit
unwrapped 19.99±0.03 3412±24 148.9±0.9 240.0±3.5 1.1
partialwrap 17.27±0.02 4879±23 162.9±0.4 222.1±1.5 2.0
wrapped 14.20±0.01 4887±23 128.7±0.4 198.3±1.5 1.5
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Figure 3.9: The CTR is plotted versus the DOI for three configurations of a 2 × 2 × 20 mm3
LSO:CeCa scintillator crystal.
In figure 3.9 we see the CTR improves with increasing amounts of wrapping by 20 ps; from
unwrapped, to partially wrapped and finally to wrapped.
This is predominantly due to increased light output. These measurements have lower individual
CTR errors than the previous 30 mm measurements, likely due to a greater number of true events
recorded. These being approximately 5000 for LSO:CeCa compared to 3400 for LYSO:Ce; where
these numbers are taken from figures 3.8 and 3.3 respectively. As the volume of the confinement
region within the scintillator crystal is the same in both measurements this difference is primarily
due to the difference in measurement time. The wrapped CTR is 198±2 ps compared to 176±7 ps
for the standard coincidence measurement given in [Table 2] [48]. For an equivalent 2×2×20 mm3
Proteus LYSO:Ce scintillator crystal a CTR of 202.7±4.0 ps in standard coincidence is observed.
As expected, we see that LSO:CeCa timing performance is superior to that of LYSO:Ce.
In both the 20 mm and the 30 mm measurements we see that the CTR is worse in the DOI
timing coincidence apparatus than in the standard. For the 30 mm measurements the CTR is
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209.6±3.8 ps for the standard coincidence. In the DOI coincidence apparatus the mean CTR is
231.7±2.9 ps. These are the two closest values from their respective experiments, indicating a
minimum non-negligible degradation of 10±2%. As the components and SiPM parameters, given
in table 3.2, are the same in both the standard and DOI coincidence apparatus, we would conclude
this difference is due to the confinement region.
Additional timing and energy results for 20 mm
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Figure 3.10: The delay peak position with DOI is plotted for a LSO:CeCa scintillator crystal of
shape 2× 2× 20mm3 for the unwrapped, partially wrapped and wrapped configurations.
In this section we look at the energy performance of the 20 mm scintillator crystals under the three
configurations described in the previous section. In figure 3.10 the delay peak position with DOI is
seen to possess the same plateau as observed in the 30 mm measurements. In this case the plateau
is reached close to 10 mm for the wrapped measurements. As in the 30 mm measurements, the
peak to peak range in the delay peak centroid is comparable to the scintillator crystal length. We
can conclude therefore that the shift is predominantly dependent upon the length of the scintillator
crystal.
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Figure 3.11: The energy resolution (%) for a LSO:CeCa scintillator crystal of shape 2×2×20mm3
for the unwrapped, partially wrapped and wrapped configurations.
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Figure 3.12: The right photopeak centroid plotted against the depth of interaction for a LSO:CeCa
scintillator crystal of shape 2 × 2 × 20mm3 for the unwrapped, partially wrapped and wrapped
configurations. The photopeak centroid corresponds to the light output of the scintillator detector.
In figures 3.11 and 3.12 we see the energy resolution and light output of the 20 mm mea-
surements with DOI. As expected the wrapped measurements demonstrate the lowest energy
resolution and the highest light output. At low DOI the energy resolution is at its poorest and the
light output is at its highest regardless of configuration. This implies light transport through the
scintillator crystal leads to surface losses. As the unwrapped configuration shows the largest drop
in light output with DOI, this indicates the predominant loss is through the side faces.
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3.6 Discussion
3.6.1 Analysis of results
The evidence presented this chapter lends itself to the conclusion that no relationship, within
experimental error, was found between the CTRand DOI. This result is in agreement with ref-
erence [55] for polished scintillator crystals. The mean CTR recorded from the DOI coincidence
apparatus was consistently poorer than equivalent measurements performed using the standard
coincidence apparatus. This was despite the same equipment being employed in both experiments.
In additional measurements, given with the full data to found in supplementary material of the
research paper [8], we conclude this is not due to the threshold or bias values selected. Futhermore
no difference between the standard and DOI measurements was seen in the reference scintillator
detector CTR values, given on page 36. We therefore conclude the confinement region for long
wrapped scintillator crystals has a negative effect upon the CTR. As the main physical change be-
tween the standard and DOI measurements is the variance in light transport within the scintillator
crystals, it is logical to conclude this is the property responsible.
The results presented in [Figure 8] [53] show the delay peak centroid with DOI shifting in the
same manner as presented in figures 3.5 and 3.10. In reference [53] the gradient of the delay peak
centroid with DOI is presented as an effective refractive index. This effective refractive index (n) is
defined as n = mc where m is the gradient of the fitted line (in SI units) and c is the speed of light.
For the 30 mm DOI measurements, where we fit to a subset of the delay peak centroid data with
DOI below 20 mm, we find 3.6±1.5 and 3.4±1.2 for the unwrapped and wrapped configurations
respectively. For the 20 mm measurements, where we fit to a subset of the delay peak centroid
data with DOI below 10 mm, we find 3.9±1.0, 5.0±0.6 and 4.4±1.1 for the unwrapped, partially
wrapped and wrapped configurations respectively. In reference [53] a value of 3.9 is presented
for polished LSO:Ce scintillator crystals. This is in good agreement with our calculated values.
Of particular note is the higher values of n for the partially and fully wrapped configurations in
comparision to the unwrapped. Physically we are seeing that with the presence of wrapping the
mean propagation time for photons through the scintillator crystal has increased. The curve shape
itself is predominantly attributed to finite propagation time of information through the scintillator
crystal. Given that the plateau occurs at high DOI we would conclude that the variation in the
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time between the forward and backward modes2 becomes negligible and as such no longer moves
the delay peak.
The light output and energy resolution are seen in both the 20 mm and 30 mm measurements
to degrade weakly with increasing DOI. This behaviour is attributed to losses from a higher path
length through the scintillator crystal. The severe penalty in the energy resolution at very low
DOI we attribute to the large potential variation in energy confinement across the photodetector.
At higher DOI the light reaching the photodetector is more even across the photodetector face and
thus more consistently detected.
It can also be seen that the mean energy resolution in the DOI measurements (beyond low DOI
gives a mean of 14%) is higher than the comparable measurement for the standard apparatus (an
average of approximately 12%) for identical scintillator crystals. This discrepency of 3% is harder to
explain. Minor changes to the calibration of the photodetectors could explain this change however
further study will be required to determine if this is so.
3.6.2 Implication of Results
There are four key results we can conclude from the measurements presented in this chapter
1. There is no relationship between the interaction position within the scintillator crystal and
the timing performance.
2. The time resolution is poorer in longer scintillator crystals.
3. Usage of diffusive wrapping increases the measured light output from a scintillator detector.
4. The quality of wrapping will lead to significant variation in the recorded CTR.
2See section 5.6 for a description of modes in scintillator crystals
50
Chapter 4
Indirect Measurements
4.1 Introduction
Outline
In the previous chapter it was seen that geometry and surface effects are capable of degrading the
timing performance of scintillator detectors. Specifically it was shown that, within experimental
error, there was no relationship between the interaction position within the scintillator crystal and
the timing performance. However we did find that the timing performance does degrade with
quality of wrapping and in longer scintillator crystals. Clearly there is some effect at play affecting
the performance which is related to the light transport. The measurements performed in this
chapter look at effects which alter light propagation through the scintillator crystal — indirect
determination of factors affecting the timing performance.
In this chapter we explore these effects in greater detail via optical measurements performed
at UCL. This is done with the aim to determine if there is any variation with interaction position.
Our ultimate aim is to place further constraints on the effects observed in the previous chapter
on the timing performance of scintillator detectors. It is hoped that such measurements will allow
key limitations underpinning the scintillator detector performance to be exposed and hopefully
identify target areas for improvement.
Measurements performed in this chapter fall into two groups — Timing and scattering. In Sec-
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tion 4.2 Time Correlated Single Photon Counting (TCSPC) measurements are performed. This
is with the aim to directly observe the changes in the photoluminescent lifetime data due to exci-
tation position and surface finish. Following this in Section 4.3 using a reflection goniophotometer
the transmission and reflection scattering profiles of LYSO and PTFE are observed. This is done
to observe deviations, if any, from the idealised specular or Lambertian behaviour assumed for
materials used in scintillator detectors.
4.1.1 TCSPC Outline
In this chapter we present three sets of TCSPC results. These will focus on different optical
phenomena with an aim to understand light propagation within the scintillator crystal more thor-
oughly. These three experiments are
1. Time Resolved Emission Spectrum (TRES) — The lifetime data of a 2× 2× 30 mm3 LYSO
scintillator crystal is measured at discrete wavelengths. This is done to determine if there
is any change in the lifetime data with wavelength. Any such variation would introduce an
additional complexity to be accounted for. Despite minimal variation in the refractive index
with wavelength for LYSO [45], it is possible there could be a change in the rise or decay
components with wavelength.
2. Polished and unpolished comparison — The lifetime data of two 2 × 2 × 20 mm3 LYSO
scintillator crystals are measured. Both crystals are identical bar one lateral face. One
of the scintillator crystal has a polished lateral face, the other a roughened (or depolished).
Depolishing a side face is a common technique to increase light output [16]. This is done
to improve the timing and energy performance. In this measurement we are interested to
observe this effect directly as well any change to the light distribution. In Section 4.3.2 the
reflection from the lateral face is observed.
3. Near and far excitation comparison — A larger LYSO crystal, 10 × 10 × 2 mm3 is excited
at two different locations and the lifetime data measured. This measurement allows the
additional optical transit through the scintillator crystal to be observed. The change in
the light output, along with any change in the light distribution, should be visible. This
measurement is analogous to a near zero and a maximum DOI measurement.
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In Section 4.2 the general method will be outlined along with any considerations relevant to the
three experiments described above. After this each of the experiments will be described in further
detail and their results presented. The discussion of these results will be left until Section 4.4.1 at
the end of the chapter after the reflection goniophotometer results are presented.
4.1.2 Reflection Goniophotometer Outline
In this chapter we will look at the reflection profiles of two materials — LYSO and PTFE. These
two experiments are
1. Comparison of polished and roughened (depolished) LYSO lateral faces. In this measure-
ment we will measure the reflection profile from two identical LSO scintillator crystals with
one difference — the lateral face. The aim is to observe the deviation for purely specular
behaviour in the depolished case. Furthermore we wish to see how close to idealised specu-
lar, or indeed Lobe reflection, the ‘polished’ case is. This is a similar measurement to that
presented in [54] for reflection profiles of BGO. In that a polished surface was seen to have
a spread of 1.3◦.
2. Off-axis measurements of Teflon tape (PTFE). In this measurement we will measure the
reflection profile of PTFE with various polar angles of incident white light. We wish to
determine if PTFE can be approximated as an idealised Lambertian emitter. If not, the
size of the deviation will give some indication of the material’s behaviour. In later chapters,
this result may prove useful in determining deviations between predicted and experimental
results.
In Section 4.3 a description of how the reflection goniophotometer operates will be presented.
Following this, the two experiments described above will presented. The discussion of these results
will be left until Section 4.4.2.
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4.2 Time Correlated Single Photon Counting Measurements
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Figure 4.1: A schematic of the time-correlated single photon counting (TCSPC) apparatus with
key components labelled is shown. Essentially the relative delays between laser pulses and the
resulting interactions in the sample chamber are histogrammed.
TCSPC, can be used to record fast optical phenomena such as photoluminescence [56]. In a process
similar to the delayed coincidence method [57], the time delay between a regular first signal and a
weaker second is used to build up a histogram of relative arrival times. In figure 4.1 a schematic
of the TCSPC apparatus is outlined. The first signal in this work is from an ultra-short pulsed
laser with a wavelength of 405 nm produces pulses with a typical width of 60 ps and a period
of 50 ns [58]. The laser in this case triggers the first discriminator electronically saving the need
for additional optics and photodetector. The second signal is formed by detection of individual
photons produced by the laser pulse interaction within the sample chamber. The second detector,
an MPPC, is shielded by a monochromator to allow selection of specific interactions of interest
to be studied. In this work photoluminescence is studied by choosing a wavelength sufficiently
longer than the incident of 405 nm. The limit in the precision of time measurements in TCSPC is
not constrained by the time resolution of ‘start detector’ and therefore is significantly lower [59].
In [59] a thorough description of TCSPC and the method used can be found.
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4.2.1 Instrument Response Function
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Figure 4.2: A typical instrument response function (IRF) from the TCSPC apparatus.
In figure 4.2 the lifetime data measured for the TCSPC with no sample present within the chamber
is shown. This is known as the Instrument Response Function (IRF). The Full Width Half
Maximum (FWHM) of the first peak in this figure is approximately 100 ps. This encompasses
the time spread due to the finite width of the laser pulse, variance in travel time through the
sample chamber and transit time spread (or equivalent) in the photodetector. Once normalised,
the IRF can be considered a probability distribution of the arrival time of a random laser photon.
Therefore once a sample is placed within the chamber, the resulting lifetime data measured will be
a convolution of its own photoluminescence and the IRF. For a known IRF the photoluminescent
distribution can be recovered using reconvolution analysis [56, 59, 60]. we use the proprietary tool
known as FAST [61] where appropriate to accomplish this.
It should be noted that the TCSPC used is highly sensitive to reflecting surfaces within the
sample chamber. In figure 4.2 secondary, smaller, peaks due to these reflections can been seen. Due
to the convolution mentioned above, these multiple peaks lead to distortions in the lifetime data
measured. This can make it difficult to isolate smaller components of the lifetime data reliably. In
all the following measurements these secondary peaks have been verified as minimal by ensuring
careful placement of holders, samples and filters within the chamber. In the following section
measures to ensure this are discussed.
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4.2.2 Sample Absorption Length Considerations
As discussed in Section 2.2, LYSO is mostly transparent to optical photons (which it can generate
by radioluminescence). LYSO does begin to absorb light in the UV significantly, however at
405 nm the absorptivity is still low. Combined with the multiple reflections within the chamber
and the beam spread of the laser, it becomes difficult to isolate phenomena other than the weak
photoluminescence.
We endeavour to counter this issue effect in three ways. Namely:
1. Measurements are made through large thicknesses of LYSO. At least 10 mm of material
must be present.
2. Samples within the chamber are aligned with the incoming light source to prevent short path
returns. This increases the time delay of individual photons to returning to the sample as
well as spreading the intensity of the secondary peaks out over time.
3. The focal point of the collecting lens is set to maximise the light collection from the primary
excitation position. In combination with the placement of the sample we can maximise the
useful signal when we intentionally move the sample.
Once these initial steps are completed, we compare the IRF to that with the sample in place.
If the amplitude of secondary peaks (due to reflection) are low, the measurements can proceed.
Prior to all measurements the scintillator crystals are cleaned using isopropyl alcohol. No
wrapping materials are used in these TCSPC measurements due to no effective manner of excitation
through the material for the orientations explored in this chapter.
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4.2.3 Time Resolved Emission Spectrum Measurement
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Figure 4.3: The LYSO photoluminescent emission spectrum for 405 nm laser excitation. The
distribution has been corrected for the photodetector sensitivity.
In figure 4.3 the emission spectrum for a LYSO 2× 2× 30mm3 scintillator crystal is shown. This
distribution matches that found for x-ray spectra [62, Fig 3.] for LSO. The peak of the distribution
is at 435 nm, and despite the presence of a filter a secondary peak due to the laser is visible at 405
nm. Fitting a Gaussian to the peak of the distribution we find a location and scale parameter of
465.6 ± 1.0 nm and 28.4 ± 0.4 nm respectively. Whilst the distribution is clearly not Gaussian, a
Gaussian does cover the bulk of the radiation emitted by LYSO. To determine the effect, if any, of
the emission wavelength on the lifetime data, the following is performed. In figure 4.4 the TRES
for LYSO is plotted from 410 nm to 600 nm for 10 nm increments.
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Figure 4.4: The photoluminescent lifetime data of LYSO with wavelength (TRES) for an excitation
wavelength of 405 nm. Intensity is normalised to each wavelength’s peak value to allow comparison
of decay visually.
The lower limit was chosen to overlap with the laser to observe its effect upon the measure-
ment. The upper limit was the highest wavelength a reasonable response could be gained from
the scintillator crystal in reasonable time. Outside of the region affected by the laser, there is
no discernible change of the lifetime data shape with wavelength. Combined with the size of the
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scintillator crystals and the wavelength dependence of the refractive index [45] this result was not
unexpected. The predominant decay component beyond 430 nm fell, within error, within the 43
ns [63] found via radiation measurements [63]. Due to this, in the remainder of the thesis we will
not consider wavelength-dependent behaviour within simulations of the scintillator crystal.
4.2.4 Polished vs. Depolished Measurement
In our second measurement we compare two LYSO scintillator crystals of identical size but different
surface finish. For one of the 2×2×10 mm3 crystals, one of the 2×10 mm2 faces has been roughened.
This is typically done to maximise the light output as it has been shown to not affect the time
resolution subsequently measured [64]. We wish to determine if any difference in the resulting
TCSPC lifetime data can be observed.
The method to accomplish this is similar to the previous section. In this, the scintillator crystals
are laid flat on a black metallic surface with the lateral face of interest facing up. The scintillator
crystals are oriented in line with the incident laser light. No wrapping is used, therefore light can
escape from the total volume of the scintillator crystal. In this, and the next measurement, the
lifetime data is recorded at 460 nm for 30 minutes per measurement, unless otherwise stated. In
figure 4.5 the lifetime data of the two scintillator crystals are shown.
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Figure 4.5: Comparison of LYSO decay spectrum with different surface finishes. These are identical
LSO scintillator crystals with a single lateral face different. One has a depolished (roughened)
lateral face, the other remains polished. No difference in lifetime data is visible.
In the above figure no discernible difference between the two decay spectra is visible. The
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depolished scintillator crystal has a decay component of 49.0 ± 1.1 ns. The polished scintillator
crystal has a decay component of 47.0 ± 3.6 ns. These agree well within experimental error.
Given that light is able to escape through the whole scintillator crystal almost immediately, no
difference between the two cases is expected. Ideally a measurement would look at excitation in a
specific volume of the scintillator crystal and extract photons from another. This would be a fairer
comparison with the radiation measurements performed in the previous chapter. However this
would require that secondary peaks, as discussed in Section 4.2.2, be reduced. Furthermore this
measurement does not account for any coupling effects between PTFE and the surface. However
this measurement does give one interesting result. In figure 4.6 the counts per minute is shown.
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Figure 4.6: The total counts recorded for the polished/depolished and the near/far edge mea-
surements are presented. Note that the counts per minute can be only be fairly compared in each
experiment, not to one another.
In this we can clearly see that the depolished case receives double the counts per minute of the
polished case. Due to the whole scintillator crystal being excited without wrapping, this is likely
due to the increased light coupling out of the depolished face.
4.2.5 Near Edge versus Far Edge Measurement
Next we wish to observe a clear change in the lifetime data. If light transport does alter the
lifetime data produced then alteration of the excitation position within the scintillator crystal
should accomplish a visible change. Toward this end we excite a larger LSO scintillator crystal,
10× 10× 2 mm3 at two positions shown below in figure 4.7.
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Figure 4.7: A 10 × 10 × 2 mm3 LYSO scintillator crystal is laid flat and excited at two different
positions. These are labelled as near and far with respect to the photodetector.
In the above figure it seen that the larger scintillator crystal is laid flat and excited at two
positions which we will refer to as near and far. This is due to their relative distance to the
photodetector. In the far position, any photons generated by interaction with the incident light
must travel through the scintillator crystal to reach the photodetector. This is opposed to the
near case, where half of the generated photons may escape immediately. Despite the difference in
geometry, to ensure a good sized absorption region, this measurement can be considered analogous
to the DOI measurements in the previous chapter.
In figure 4.1 an adjustable lens is shown connected to the sample chamber. In this measurement
the lens is focussed on the near end of the scintillator crystal for both measurements. This ensures
that light is collected predominantly from this position — thus ensuring in the far edge case
the majority of light collected must travel through the scintillator crystal. As in the previous
measurement, the monochromator is set to 460 nm and each measurement is taken for 30 minutes.
In figure 4.8 the lifetime data of the two excitation positions are shown.
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Figure 4.8: Comparison of LYSO decay spectrum with different excitation position. In this case a
single unwrapped LSO scintillator crystal is excited at two different positions.
In the above figure it can be seen that the decay component is the same in both decays however
there is a clear difference in the rising edge. This alteration is attributed to the increased travel
time through the scintillator crystal. The slope of the rising edge is seen to be approximately
the same. This would indicate there is limited increase variance introduced by light transport in
the unwrapped case shown. In figure 4.6 it can be seen that there is a drop of a third in count
rate between the near and far edge cases. This would attributed to light escaping through the
scintillator crystal lateral faces and not reaching the photodetector.
4.3 Reflection Goniophotometer Measurements
A goniophotometer1 is a device for exploring the transmission and reflection profile of a material’s
surface [65]. In [66] a similar device was used to measure the reflection properties of a common
previous generated scintillator crystal, Bismuth Germanate (BGO). These results were then used
in [54] to simulate custom reflection surfaces in a Monte-Carlo simulation (GEANT4 [67]) directly.
In this work we utilise a more advanced goniophotometer to explore the properties of LYSO.
In doing so we wish to determine deviations, if any, from the simplified reflection behaviours
typically assumed in Monte-Carlo simulations. This will give us more information to determine
the effect reflections at the faces of the scintillator crystal and the diffusive wrapping have upon
the performance of the scintillator detector.
1Gonio from the Greek ‘go¯nia’, means angle and photometer is a device for measuring intensity of light.
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A typical goniophotometer is comprised of a light source and detector; Both parts on stages
capable of moving about the sample. To record a Bi-directional reflectance distribution function
(BRDF), for a given incident direction, many measurements are required uniformly on a unit
hemisphere about the sample. A high resolution BRDF will require hundreds, if not thousands, of
individual measurements. Due to this, a study into how incident wavelength or direction affects
a BRDF can be extremely time consuming. In this work we utilise a reflection goniophotometer,
which we will refer to as an imaging sphere.
4.3.1 The Imaging Sphere
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Figure 4.9: An idealised schematic showing the key components of the reflection goniophotometer.
In figure 4.9 a schematic of the imaging sphere is shown. Collimated light is shone onto the sample
at an angle with respect to the surface. This light source can be chosen to be monochromatic or
a white light source. In both cases, the source in this work is incoherent. Incident light scatters
off the sample onto the weakly reflecting diffusive hemisphere. The hemisphere is diffusive to
ensure scattered light from the hemisphere does not produce strong secondary specular reflections.
Furthermore the hemisphere’s surface is weakly reflecting to ensure secondary reflections die away
quickly2. A high resolution (1024×1024 pixels) CCD images a hemispherical mirror places directly
below the CCD. The mirror is designed to observe the see the entirety of the hemisphere — Thus
2The proportion of light from a secondary reflection reaching the CCD can be given by R2. Therefore the lower
the value of the reflectance R, the lowest the portion from secondary reflections.
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allowing the CCD to image the light reflected from the sample. After post-processing to correct for
aberrations and differences in light intensity due to the geometry of the imaging sphere, an image
of the light intensity per solid angle is created. The calibrated version of this image is referred to
as the BRDF. The sum of the BRDF will result in the reflectance of the sample. A much more
detailed description of the instrument can be found in [68]. A full description of the methodology
used with the imaging sphere is given in Appendix B.1.
As mentioned earlier in this chapter, we will look at the reflection profile of two materials —
LYSO and PTFE.
4.3.2 A comparison of rough and polished LYSO surface profiles
We will compare the reflectance of the roughened surface to the polished one for chosen ranges of
incident wavelength and incident angle. The aim is to observe the deviation from ideal specular
in the polished case and the deviation from the polished case for the depolished case. In figure 4.3
it is seen that the bulk of optical photons produced by LYSO are within the range of 400 nm to
600 nm. As the refractive index of LYSO is 1.8 [45], the critical angle with air is approximately
34◦. Therefore the range of interest for our measurements is defined by these wavelengths and the
range between 0 and this critical angle.
To begin we use a selection of these ranges to look at the difference in reflectance between the
polished and depolished cases. In figure 4.10 a bar chart of these results is shown.
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Figure 4.10: Difference in reflectance measurements from the Imaging sphere between polished
and roughened surfaces of LYSO.
Intriguingly the roughened surface shows a higher reflectance, but only for normal incidence.
One potential reason for this difference can be seen by looking at two BRDFs of normal incidence.
The polished and depolished BRDFs are shown in in figures 4.11 and 4.12 respectively.
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Figure 4.11: A polar plot along with horizontal and vertical slices of the BRDF of a polished
LYSO 10× 2 mm2 face.
In these figures the spread about the (missing) specular peak can be seen. The specular peak
is occluded due to a series of small square apertures are present along the hemisphere’s surface.
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One (or more) apertures can be opened to allow light to be shone onto the sample from within
the Imaging sphere. Any light reflected onto an opened aperture will clipped from the resulting
BRDF. This is advantage as the dynamic range of the CCD can be assigned to the edge. This
allows us to explore the non-specular portion of the reflected light much more effectively. Critically
the non-normal measurements do not exclude the specular peak. Therefore the (lack of) difference
between polished and depolished reflectances could be attributed to the apparatus.
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Figure 4.12: A polar plot along with horizontal and vertical slices of the BRDF of a roughened
LYSO 10× 2 mm2 face.
There are two differences visible between the polished and roughened surfaces. Firstly in the
roughened surface, about 1% of light is scattered uniformly into random directions. Secondly the
width of the specular peak can be seen to be wider in the roughened case than the polished case.
Both effects contribute 2% more reflected light in the depolished case than the polished case. To
quantify these effects more clearly we fit Gaussian distributions to the peaks visible in the non-
normal cases. In table 4.1 the results of these with wavelength and incident angle, along with their
reflectance can be seen for both samples.
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Table 4.1: Reflectance values for varying incident wavelength and incident angle for polished and
roughened LYSO surfaces.
Wavelength Angle Rough Polish Rough Polish Rough Polish
(nm) (Degrees) (%) (%) Std (Degrees) Std (Degrees) Amplitude Amplitude
400 0 2.6 0.4 / / / /
400 10 3.2 3.2 0.83 0.67 0.02 0.25
400 20 4.4 4.5 0.75 0.68 0.08 0.22
400 30 5.9 6.1 0.81 0.75 0.17 0.22
500 0 2.2 0.2 / / / /
500 10 2.9 2.6 0.77 0.59 0.02 0.25
500 20 4.4 4.2 0.74 0.67 0.10 0.22
500 30 5.9 5.9 0.86 0.78 0.20 0.24
600 0 2.1 0.2 / / / /
600 10 2.6 2.5 0.78 0.58 0.03 0.25
600 20 4.2 4.1 0.69 0.62 0.11 0.23
600 30 5.6 5.8 0.79 0.70 0.20 0.24
In the table it can be seen that the standard deviation of the Gaussian fits of the roughened
surfaces are consistently higher than those for the polished cases. Values determined for normal
incidence using a profilometer are given in [54, Figure 5]. These give values for a specular peak
standard deviation of 0.31◦ for a polished surface, a value of 4.76◦ for an etched surface and 2.03◦
for a ground surface. By comparison we would see that the polished values are in good agreement.
In the same table we can see the amplitude of the specular reflection peaks. It can be seen that
the amplitude of the roughened surface increases at higher angle. By comparison the amplitude
of the specular peak for the polished case is essentially constant. Given that both roughened
and polished show increasing reflectance with incident angle, as we would expect due to Fresnel
reflection, this effect is most likely due to a greater proportion of light in the roughened cases
reflecting specularly rather than diffusively. This would indicate that the effect of the roughened
surface is most pronounced at low incident angles. Given the large difference in reflectance seen
between the two cases at normal incidence, this conclusion would be in agreement.
4.3.3 Measurements of PTFE
In the previous chapter the ‘wrapped’ configuration used Teflon tape (PTFE) to wrap the scin-
tillator crystals to improve light output at the photodetector. The reflection profile of PTFE is
generally taken as a Lambertian reflector with an imperfect reflectance and no incident angle de-
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pendency [66]. In this section we look at the reflection and transmission properties of PTFE to
determine the size, if any, of deviation from this behaviour.
As we are primarily interested in the angular behaviour with PTFE we will use a white light
source. This will produce clearer images and allow quicker scan times. For comparative purposes
the reflection and transmission profiles for PTFE at normal incidence and at 20 degrees to the
normal are measured. The results for these measurements are given in figures 4.13 and 4.14. The
cross sections have been normalised to their maximum amplitude to allow easy comparison of the
reflection and transmission.
Figure 4.13: Reflectance and Transmittance plots of PTFE at normal incidence. Normalised
(vertical) cross section of both reflectance and transmittance shown below for comparison.
In the above figure, the expected cosine behaviour of a Lambertian reflector is seen. Above
the normal (Theta close to zero) the square aperture open for the incident source is visible in
the reflected case. About this, a specular reflection is visible in the reflection image. Below in
figure 4.14 a smaller, specular peak is visible. This would indicate that specular reflection from
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PTFE does occur, but it is a much smaller effect than the Lambertian. For the transmittance plots,
the specular peak is much more pronounced. This implies a large portion of the incident light is
transmitted through the PTFE. The PTFE measurements presented in this section look at a
single layer of PTFE. In reality, scintillator crystals are bound with many layers to produce a high
reflectivity [69]. Also in this transmitted case, some diffusive behaviour does occur. This would
indicate a small portion of light is scattered into high polar angles with respect to the surface. At
the next PTFE layer it is unknown whether light would be specularly reflected, essentially trapped
in the PTFE layers, or scattered back into the scintillator crystal. A future measurement should
look at such high incident angles to determine this effect more fully. In figure 4.14 the reflectance
and transmittance for white light incident at 20◦ to the surface normal is shown.
Figure 4.14: Reflectance and Transmittance plots of PTFE at 20◦ to normal incidence. Normalised
(vertical) cross section of both reflectance and transmittance shown below for comparison.
In the above figure several interesting things are to be noted. Firstly a specular lobe, is as
expected visible at 20◦. In the reflectance cross section it can be seen however most light is
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scattered as a Lambertian emitter. In the transmittance cross section the specular peak is lower,
wider and again in the expected position. In this case a greater proportion of light is scattered
diffusively compared to the normal incidence case. This implies a greater portion of the incident
light is interacting with the PTFE before being emitted diffusively.
In both the normal and 20◦ incidence a bar is visible in both transmittance and reflectance
values. This bar is not an artefact of the light source, implying the material itself is causing this
behaviour. As the PTFE is stretched across the aperture this could be so. A future measurement
should look at replicating this result and rotating the sample to arbitrary angles to determine if
this is the case. We would conclude that PTFE can be approximated as a Lambertian reflector
with the provision that Fresnel reflection is taken into account.
4.4 Discussion
4.4.1 Implications of TCSPC Results
In these measurements the lifetime data of optical excitation of LSO were presented. Three ex-
periments were performed. In the first, TRES measurements on LYSO show no discernible change
in the lifetime data with wavelength within experimental error. From this result it is concluded
that any variation with wavelength is negligible in this work. In the next measurement we looked
at the effect of polished and unpolished scintillator crystals. In these, a single lateral face was
altered. The rate of light escaping was seen to double in these measurements when a single lateral
face is depolished. This is consistent with [16]. No change in the lifetime data was visible. This
could be due to the whole scintillator crystal being excited. In an actual γ interaction a single
source of photons would be generated which would travel through the scintillator crystal. In this
case, any photoluminescent light can escape quickly. A future measurement should look at a larger
scintillator crystal. This would overcome the limit imposed by TCSPC due to secondary reflec-
tions to determine if this is the case. The third measurement looks at the introduced effect due to
different excitations positions within the scintillator crystal upon the lifetime data. In this a minor
alteration to the rising edge of the data was seen. Furthermore a drop of a third in the light output
between the near and far edges was seen. A future measurement should look at including PTFE
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wrapping around the bulk of the scintillator crystal. It would be interesting to see if the wrapping
introduces an additional change to the rising edge. In this case we would predict a shallower rising
edge and a smaller difference in the light output between the near and far cases.
As a whole the TCSPC measurements have shown light transport in the unwrapped cases is a
small effect upon the decay spectrum seen. Further measurements would be needed to determine
if the difference in light output between the near/far and polished/depolished cases carried over
when wrapping is used.
4.4.2 Implications of Imaging Sphere Results
Measurements of the reflectance properties of two materials have been shown in this chapter. It
was seen that the depolishing of a lateral face of LYSO leads to scattering into high polar angles.
This results in increased reflectance compared to the polished case. Gaussian fits to the specular
lobes for varying wavelength and incident direction show several things. Firstly that the depolished
cases consistently show wider specular peaks. Secondly there is no shape variation with wavelength
however there is a shift in the total reflectance. Given the minor variation with wavelength in the
reflectance we would conclude the shape and reflectance are not significantly affected by it. Thirdly
our results indicate that with increasing incident angle the proportion of light scattering specularly
is seen to increase compared to the diffusive component. Given the usage of surface roughening to
increase light output in scintillator detectors, this result would imply the increase is due to light
trapping at these lateral faces.
The PTFE results show the predominantly Lambertian behaviour expected for both normal
and non-normal incidence. However there is a visible bar which we attribute to the material. To
confirm this, further measurements should be performed.
4.4.3 Implications of Experimental Results on Scintillator Detector Per-
formance
Results presented in the previous chapter demonstrate several behaviours a theoretical description
must be able to account for. Firstly there is no relationship, within experimental error, between the
interaction position within the scintillator crystal and the timing performance. Any model of the
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time resolution must show none or limited variation with depth of interaction. Secondly the time
resolution has been shown to degrade with increasing scintillator crystal length. Furthermore the
potential model must explain by poor quality wrapping is seen to degrade the timing performance.
Finally, as shown in Appendix A.2, the light output must be seen to increase by a factor of at least
two when wrapping is used.
The optical results presented in this chapter add additional constraints. Firstly the lifetime
data from the scintillator crystal should show no dependence, within experimental error, upon the
wavelength of the photon generated. Secondly roughening a single (lateral) face of a scintillator
crystal should increase, ideally double, the light output observed compared to a purely specular
case. Thirdly the interaction position within the scintillator crystal should alter the lifetime data
and produce a small drop in the light output when travelling through a large bulk of scintillator
crystal. Finally a depolished scintillator crystal should increase the number of photons scattered
into random directions. This effect should be most pronounced near normal incidence.
In the next chapter these conditions will be used to validate a maximum likelihood based model
of the timing performance of scintillator detectors.
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Chapter 5
Validation and Model
5.1 Introduction
The work presented thus far in this thesis has looked at experiments exploring light-related effects
which may or may not alter the timing and energy performance of scintillator detectors. The
results of this work were summarised in Section 4.4.3. In this chapter a theoretical description
of light propagation within the scintillator crystal and the resulting effect upon the scintillator
detector performance will be presented.
‘Light transport’ describes the propagation of light from its creation at the radiation interaction
point, to its subsequent arrival at the photodetector. More precisely the light transport is defined
as the variance in the travel time to the photodetector of optical photons from their creation.
Modelling how optical photons created from a single interaction travel through the scintillator
crystal be used to calculate the light transport contribution to the PDF. This modelling is done
in two ways. Firstly an analytical expression is derived from the Poynting vector and applied to
two infinite faces separated by a distance L. Secondly the analytical model is used to validate a
Monte-Carlo simulation. This simulation of the light transport allows us to model more complex
surface and bulk effects such as those described in previous chapters. In the next chapter more
complex surface behaviours are discussed using this model.
The model presented in this chapter is an expansion of the Cramer Rao Lower Bound (CRLB)
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method presented in [63]. Before describing this model a brief review of prior methods used
to predict timing performance are discussed in Section 5.2. Following the there will be a brief
introduction to the statistics used followed by a description of their application to the description of
scintillator detectors. The model will then be used to predict increasingly complex representations
of the scintillator detector. At each step, results collected from chapters 3 and 4 are used to
determine the validity of the model.
5.2 Background
The application of likelihood statistics, and specifically Fisher Information, to scintillator detectors
has several prior applications. In [70] the effect on the timing performance of gamma ray photons
arriving in quick succession at a scintillator detector is calculated. It was shown that only very
severe overlap of pulses need lead to severe degradation to the timing performance of scintilla-
tor detectors. This lead to the conclusion that multiple event separation and coincidence timing
resolutions could be massively improved from their 1990’s levels. In [71] several photodetectors
are placed about a larger scintillator crystal to produce what is known as a monolithic scintillator
detector. This paper presents the relationship between the localisation of the gamma ray photon
conversion point in three dimensions and the spatial properties of the scintillator detector. This
allows gamma ray events to be localised within the monolithic scintillator detector by TOF in-
formation. There are two main result of interest in this paper. Firstly increasing the size of the
scintillator crystal is shown to significantly degrade the spatial resolution. Secondly wrapping the
scintillator crystal with PTFE will “yield larger and more constant signal amplitudes, which may
improve the timing and the energy resolution of the detector” [71]. This work was expanded in [38]
to include the effect of noise. It was stated in this paper however that a full description of the tim-
ing performance due to modern photodetectors (SiPMs) contain non-linearities such as cross-talk
and saturation which have yet to be fully described. In 2012 [24] looked at the relationship be-
tween the time resolution and the various contributions from the scintillator detector. This paper
describes the calculation of the Cramer Rao lower bound (CRLB) for an ordered set of events. It
is shown that significantly fewer ordered events will reach the CRLB quicker than a large number
of unordered events. The implication is that knowledge of arrival times of individual photons at
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the scintillator detector could surpass traditional analogue time pickoff techniques. The work in
this paper has been expanded further in [72,73] to include a more comprehensive description of the
contribution due to the photodetector, including digital SiPM measurements indicating the light
transport contribution, synonymous with the spatial confinement, could be reduced or removed by
multiple photodetectors.
5.3 Likelihood Statistics
5.3.1 Maximum Likelihood Estimation
The time resolution of the scintillator detector may be estimated from a probability density func-
tion (Probability Density Function (PDF)) describing the signal generated by a given particle
interaction. To understand how this is accomplished, a (brief) introduction to Likelihood statistics
is given.
The likelihood function is the probability of ‘guessed’ parameters for observed data. Whereas
the PDF is the probability of data given parameters, the likelihood function is the probability of
parameters given data. It is intuitive therefore to see that the likelihood function will reach a
maximum when the parameters are the most likely. We therefore define
L(θ|t) = p(t|Θ) (5.1)
λ(t|Θ) = ln p(t|Θ) (5.2)
where L is the likelihood function, p is the probability density function, λ is the log-likelihood
function, t is a given observed event and θ is the parameter under interest. For N individual
events, a random sample ~t = {t1, t2, · · · , tn}, with no order implied, these equations become
L(Θ|~t) =
n∏
i=1
p(ti|Θ) (5.3)
λn(~t|Θ) =
n∑
i=1
λ(ti|Θ) (5.4)
As the likelihood function defines the probability the estimated parameters are correct, it is natural
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to maximise L to find the most likely parameters for the sample ~t. The definition above however
will generally be zero, except for exceedingly close to the correct values, due to the product of
many infinitesimally small numbers. Due to this we generally maximise the log-likelihood as the
resulting parameters we find will be the same, but the distribution of the log-likelihood function
about the optimal parameters will be smoother. This method is known as Maximum Likelihood
Estimation (MLE) [47].
The observed events are the arrival times of individual photons produced by a particle inter-
action with the scintillator detector. The parameter of interest for the timing performance of
a scintillator detector is the absolute time of arrival of the particle interaction. The standard
deviation of the uncertainty of this parameter is the time resolution.
5.3.2 Fisher Information
The lowest potential uncertainty, for a known PDF and known number of samples, may be esti-
mated using what is known as the Fisher Information. We define this as
I(Θ) = E[
( ∂λ
∂Θ
)2
] =
∞∫
t=−∞
( ∂λ
∂Θ
)2
p(t|Θ)dt. (5.5)
Using the above equations it can be shown that
In(Θ) = nI(Θ) (5.6)
The CRLB can be stated as
σ(Θ) ≥
√(∂m(Θ)
∂Θ
)2 1
nI(Θ)
(5.7)
where m(Θ) is the bias factor, σ2(Θ) is the variance in a statistic T estimating the parameter Θ.
For cases where T is unbiased, in this case shows no variation in performance with time of collision,
m(Θ) = Θ. The full derivation of equation 5.7 is given in appendix C.1. The square root of which
is the standard deviation of the uncertainty in T ; better known as the Cramer-Rao Lower Bound
(CRLB). In this work we assume an unbiased estimator of the time resolution exists, therefore the
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bias factor m is equal to Θ. As the time resolution of a scintillator detector is typically given in
terms of the Coincidence Time Resolution (CTR), we can define the CRLB CTR as
CTRCRLB =
4
√
ln 2√
nI(Θ)
(5.8)
Essentially if we know the number of random samples we have and we know the PDF, we can
calculate the Fisher Information and what is known as the Cramer-Rao lower bound (CRLB)
of the parameter. As this gives a method independent way of determining the uncertainty in a
parameter this is a powerful technique for determining the relative contribution of terms to N and
the PDF.
In this section we will present contributions to the CRLB, beginning with the intrinsic; namely
that relating to the scintillator crystal material properties. Following this we will present the
inclusion of the photodetector. Both have been presented previously in [24], however in this work
we present additional detail relating to calculating using discrete convolution. This method whilst
slower than an analytical solution does offer a more generalised approach, allowing more complex
contributions to the CRLB to be studied. The first of these, in section 5.5, relates to the skew
of the photodetector contribution to the CRLB. Following this, in section 5.6, we present light
transport and how it contributes also.
5.4 The intrinsic CRLB - The Scintillation Mechanism
As discussed in section 2.2.2, an ionising particle incident upon a scintillator crystal will create a
cascade of electron-hole pairs. The recombination process in LYSO of these electron-hole pairs is
given by a chain of two decay processes. These correspond to a rise and decay in a three level
system, which is written as
N(t) =
N0
τd − τr (e
− tτd − e− tτr ) (5.9)
where N is the number of scintillation photons at time t and τr, τd are the rise and decay constants
respectively. The derivation of this form is given in appendix ??. For LYSO these constants are
89± 13 ps and 43± 0.3 ns [24] respectively.
77
50 0 50 100 150 200
Time (ns)
0.000
0.005
0.010
0.015
0.020
0.025
p
(t
|Θ
,τ
,τ
d
)
50 0 50 100 150 200
Time (ns)
0.0
0.2
0.4
0.6
0.8
1.0
P
(t
|Θ
,τ
,τ
d
)
(a) (b)
Figure 5.1: PDF (a) and CDF (b) for LYSO. A rise and decay time of 90 ps and 43 ns are used
respectively [63]. A particle arrival time of zero is chosen.
Equation 5.9 can be recast as the PDF for scintillation by normalisation (p(t) = N(t)N0 ) producing
pscint(t|Θ, τr, τd) =

1
τd−τr
[
e
−(t−Θ)
τd − e−(t−Θ)τr
]
if t ≥ Θ
0 if t < Θ
(5.10)
where τr is the rise time, τd is the decay time and Θ is the particle conversion time within the
scintillator crystal. The standard deviation in the uncertainty of Θ is the time resolution. In this
work we taken both the rise and decay times as known such that
pscint(t|Θ, τr, τd) = pscint(t|Θ) (5.11)
In figure 5.1 the PDF and CDF (cumulative density function) for LYSO are shown. Therefore from
equation 5.8, assuming we know τr, τd and n we can estimate the intrinsic timing performance of a
given scintillator crystal. We begin by looking at the effect of the number of samples for LYSO:Ce,
shown in figure 5.2.
78
500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Number of Samples
20
40
60
80
100
120
140
160
C
R
LB
 C
T
R
 (
p
s)
LSO:CeCa
LaBr:Ce
L(Y)SO:Ce
Figure 5.2: CRLB CTR for LYSO solely due to the number of independent photons detected for
a given event.
It can be seen that increasing the number of samples detected reduces the time resolution seen
as expected. More usefully it shows that for a SiPM with 3600 independent cells [18], a CTRCRLB
of 54 ps could be achieved, assuming no other contribution. We can repeat this calculation, but
this time hold n constant as 3600 and plot for varying rise and decay times. This result is shown
in figure 5.3.
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Figure 5.3: CRLB CTR for n = 3600 for varying rise and decay times in ps and ns respectively.
We notice that the rise time is the larger contribution to the lower bound in the time resolution
than the decay time. This is consistent with prior work in several respects. Firstly small ordered
sets of photon arrival times will achieve the same lower bound in the time resolution compared
to large sets. As these photons will be the earliest detected, this implies the rising edge to be a
79
significant factor. Secondly as we shall see, additional contributions to the PDF of the scintillator
detector will broaden the distribution; effectively causing a shallower rising edge to occur. Secondly
from this plot we can see that the improved performance between LYSO:Ce and LYSO:CeCa is as
expected [22].
5.4.1 Inclusion of the Photodetector
A given photon, successfully detected, will experience a random time delay within the photodetec-
tor. In a PMT this is due to the path length difference for amplified electrons travelling between
dynodes. This effect, known as Transit Time Spread (TTS), is typically described by a clipped
Gaussian [74]. As a PDF this is defined as
pdet(t|η, µ) =

1
η
√
2pi
e
− (t−µ)2
2η2 if (µ− C) ≤ t ≤ (µ+ C)
0 Otherwise
(5.12)
where µ is the mean travel travel time through the photodetector, η is the standard deviation of
the transit time through the photodetector (referred to as the transit time spread, TTS) and C is
the clipping limit. η is also known as the Single Photon Time Resolution (SPTR). The clipping
limit is typically at least 5η. The location and scale parameters of the Gaussian are typically given
by manufacturer data sheets. For example for the XP2020 Q PMT these are 28 ns [17] and 273
ps [75] respectively. The TTS for the SiPM, specifically the MPPC S10931-050P, used this chapter
is 70 ps unless otherwise stated1. To include this effect in the model of the scintillator detector,
the PDF must be modified. This is accomplished by convolution, such that
p(t) = pscint ∗ pdet (5.13)
dp(t)
dt
=
dpscint
dt
∗ pdet (5.14)
Critically the above equations do not place any limit on the shape of the photodetector PDF. In
the case of using a Gaussian a full analytical solution can be reached [24]. The contribution of the
photodetector with respect to the SPTR is given in figure 5.4.
1private communication with Dr. Stefan Gundacker
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Figure 5.4: CRLB CTR for LYSO convolved with a Gaussian distribution describing the photode-
tector. In this case we have plotted the FWHM of the Gaussian distribution used rather than the
scale parameter, µ. This is the more common experimentally measured parameter.
Firstly it’s clear that as the TTS tends to zero we approach the limit of the intrinsic time
resolution shown in figure 5.2. Secondly for TTS values over 100 ps, the change in the CRLB is
approximately linear. A typical TTS value of 120 ps for n=3600 for LYSO results in a CTRCRLB
of 144 ps. Compared to the value of 54 ps observed without the photodetector, it is clear that this
is a significant contribution to the time resolution.
5.5 Contribution of Skewness in the Photodetector Contri-
bution
Previous work as looked at inclusion of the Gaussian photodetector and material properties contri-
bution to the CRLB [24]. As a brief interlude, we will look at the contribution of a non-Gaussian
TTS upon the CRLB. We will model this contribution using the skew Normal distribution [76].
The skew normal distribution is chosen for three reasons. Firstly real measurements of TTS do
show skew [77, figure 2]. This figure is reproduced below in figure 5.8. In figure 4.2 the IRF
is shown. This distribution will be the convolution of the laser’s and the MPPC’s response. In
this the first peak can be seen to be negatively skewed. Secondly the difference (if any) from
the regular normal distribution should be readily visible. This will also give an additional test of
reliability as the two distributions should be indistinguishable for zero skew. Thirdly skewness is
easily determined from the Single Electron Response, see also IRF. (IRF) of the photodetector.
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By comparison with the results below, we can readily compare the CRLB observed.
The (clipped) skew Normal distribution [76] given by
psn(t|η, µ) =

2
ηpdet(
t−µ
η ) erf(α
t−µ
η ) if (µ− C) ≤ t ≤ (µ+ C)
0 Otherwise
(5.15)
where α is a parameter related to the skewness and erf(x) is the error function. For various values
for the skew, the log normal distribution is shown in figure 5.5.
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Figure 5.5: The skew normal distribution [76] shown for several values of α. Those with positive
skew are shown in blue, those with negative skew in red and the Normal distribution (the case of
zero skew) is shown in green.
Using an η=70 ps, we vary the α parameter and use equation 5.15 to determine the CRLB
CTR as described in the previous section. Note that we plot the CRLB CTR against the FWHM
of the skew normal distribution. For the normal distribution the FWHM is readily shown to be
2.355 multiplied by the scale parameter. However in the case of the skew normal distribution, it is
measured directly for each combination of α and η. For positive, negative and zero skew we plot
the CRLB CTR against FWHM in figure 5.6.
82
80 90 100 110 120 130 140 150 160 170
FWHM (ps)
90
95
100
105
110
115
120
CR
LB
 C
TR
 (p
s)
Positive Skew
Negative Skew
Zero Skew
Figure 5.6: The CRLB CTR (in ps) against the FWHM (in ps) for the skew normal distribution.
In blue are estimates with positive skew and in red are estimates with negative skew. The line
for the Normal distribution with FWHM is also given as a green dashed line. All values meet at
approximately 165 ps as expected (2.355× 70 ps).
It can be seen that the photodetector distributions with positive skew possess potentially lower
CRLB estimates, compared to those with negative skew where there is degradation. This effect
increases with increasing skewness, reducing the FWHM of the distribution seen. In this figure
we cap at a CRLB of approximately 90 ps for a skewness of ±0.9 corresponding to positive and
negative skewness respectively. Close to this value, the skew normal distribution tends to the half-
normal distribution [78]. Of note from this figure it can be seen that if the skewness varies between
interactions then so will the CRLB. This will be an additional contribution to the uncertainty
in the CTR seen over multiple measurements. We can replot the above result in terms of the
distribution’s skewness rather than the FWHM as shown in figure 5.7.
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Figure 5.7: The CRLB CTR (in ps) against the FWHM (in ps) for the skew normal distribution.
In blue are estimates with positive skew and in red are estimates with negative skew. The line for
the Normal distribution with FWHM is also given as a green dashed line. All values meet at zero
skewness as expected.
In this we can see any amount of skewness will reduce the CRLB CTR. Critically this says
that how the shape of the TTS is determined for a given photodetector will matter. Simply
measuring the FWHM of a photodetector’s TTS and assuming a Normal distribution could lead
to a significant overestimate in the CRLB CTR.
In figure 2 of [77], a typical SER is shown. This figure is reproduced below in figure 5.8.
Figure 5.8: A typical single electron response is shown. The spectrum for the sum of several
photoelectrons is also shown. This figure is reproduced from [77].
After extracting the data from this graph (left figure) and the skewness is found to be approx-
imately 0.8. As shown in figure 5.7 this corresponds to a reduction in the potential CRLB CTR
of 20%.
As we add additional contributions to the PDF later this chapter, we will assume a skewness
of zero. This is for two reasons. Firstly it is easy find values for the TTS in reference but no
systematic study has yet to been completed on the effect of skewness. Secondly we wish to reduce
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the complexity of our model to ensure additional contributions are clearer to see.
5.6 Analytical Model for Light Transport
5.6.1 Derivation of the Analytical Model
We begin by looking at a point source of light with no preferred direction (isotropic) placed between
two two-dimensional faces. The two faces are separated by a distance L. The source is set a distance
(z) from one of the faces. The other face is therefore a distance L− z, where L− z > 0. Using the
time-averaged Poynting vector, the power (P ) incident per unit solid angle (dΩ) can be defined as
dP
dΩ
=
r2
2
~n. ~E × ~H∗ (5.16)
where ~n is the direction of interest, ~E is the electric field and ~H∗ is the complex conjugate of the
magnetic field [79]. To model an isotropic light source, a spherical wave is used with equation 5.16
to find ~E
~H
 = A0
θˆ
φˆ
 1
r
ei
~k.~re−iωt (5.17)
∴ dP
dΩ
=
A20
2
~n.~r (5.18)
where ~r is the direction of propagation of the spherical wave. Integrating over the solid angle with
ranges {θ, θ1, θ2} and {φ, 0, 2pi} it can be shown that
P (θ1, θ2) =
∫
dP
dΩ
dΩ =
A20
2
2pi∫
φ=0
θ2∫
θ=θ1
sin θdθdφ (5.19)
= piA20(cos θ1 − cos θ2) (5.20)
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Consider θ1 is zero with θ2 = θ we arrive at
P (θ) = piA20(1− cos θ) (5.21)
F (θ) =
P
P0
=
1
2
(1− cos θ) (5.22)
where P0 is total power emitted by the single interaction. This can be seen to be 2piA
2
0. To find
the power per unit angle consider θ1 = θ and θ2 = θ + dθ, such that
dP =
P0
2
(cos θ − cos(θ + dθ)) (5.23)
∴ 1
P0
dP
dθ
=
1
2
sin θ (5.24)
Next we wish to expand this description to determine the fractional power per unit time arriving
at one of the faces. For an isotropic source a distance z from the boundary we see
t(θ) =
nz
c
1
cos θ
=
t0
cos θ
(5.25)
dθ
dt
=
1
t0
cos2 θ
sin θ
(5.26)
where n is the refractive index in the gap between the faces, c is the speed of light and t0 is the
minimum time to the z face. Combining this with equation 5.24 results in the rate of change of
power with time giving
dP
dt
=
t0P0
2
1
t2
(5.27)
Given a maximum allowed travel time, t1, from equation 5.25 for the critical angle of the boundary,
a PDF defining the light transport, pLT(t) can be found by normalisation.
pLT(t|t0, θc) = A
t1∫
t=t0
1
t2
dt = 1 (5.28)
pLT(t|t0, θc) =

t0
1−cos θc
1
t2 t0 < t < t1
0 Otherwise
(5.29)
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Equation 5.29 will correspond to light travelling in a direction towards the face only. For an
isotropic source generated within a polished cuboid two ‘modes’ of light will be seen. These are
one directly towards the photodetector, known as the forward mode, and another reflected back
from the opposing face known as the backward. These modes will each carry a proportion of the
total energy reaching the photodetector. The proportions we will be determined by the scintillator
crystal’s material, surface finish and any wrapping used. The time of arrival of each mode will
be determined by the geometry and materials used. The minimum and maximum times of the
forward modes will have the form
t0 =
nz
c
(5.30)
t1 =
nz
c
1
cos θ1
(5.31)
where θ1 is the critical angle between the scintillator crystal and the photodetector. In this we
assume perfect coupling (no air gap) at the interface. It is also assumed that all light falling
outside the Total Internal Reflection (TIR) cone between scintillator crystal and air are lost. The
backwards mode will have the additional complexity of the geometry and reflectance (R) of the
scintillator crystal to include. The two times are
t0 =

n
c (2L− z)( 1cos θ2 ) R = 0
n
c (2L− z) R 6= 0
(5.32)
t1 =
n
c
2L− z
cos θ1
(5.33)
where θ2 is the critical angle between the scintillator crystal and outer material (typically air). It
is assumed that θ1 > θ2 as the refractive index mismatch between the scintillator crystal and the
photodetector is typically low. The t1 term in the backwards mode is given in terms of θ1 for this
reason. The form of t0 is more complex as photons incident at low angles will escape the scintillator
crystal2 unless there is an additional property preventing their escape. Partial reflectance can by
modelled by altering the proportion of energy given to each mode. The above definitions form the
basis of the analytical description of the light transport PDF.
2see section 5.7 for inclusion of Fresnel reflection into the model.
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In figure 5.9 the light transport PDF for a face separation of 20 mm, a centred interaction
position and a refractive index of 1.8 (corresponding to LYSO) is shown. The scintillator crystal
is surrounded by air and in contact with a glass window; thus giving critical angles θ1 and θ2 as
arcsin 1.51.8 and arcsin
1.0
1.8 respectively.
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Figure 5.9: PDF for a polished scintillator crystal of L = 20 mm and z = 10 mm. The three
configurations: unwrapped; partially wrapped and (specularly) wrapped, refer to reflectance values
of 0, 0.5 and 1 respectively.
These distributions are plotted without normalisation to see the absolute change in the portion
of energy coupled into the photodetector. In this case the forward mode, carrying 22% of the
incident light, has a width of 50 ps regardless of reflectance. With increasing reflectance the
amount of light reaching the photodetector increases from a total of 36% to 44%. The shape of
the distribution matches the simulation shown in [22, figure 10].
The above analytical derivation makes few assumptions. Firstly we assume the entirety of the
energy is emitted from a single point within the scintillator crystal, not over a line. For a sufficiently
small region, this approximation is considered good [4]. Secondly there is no preferred direction of
emission and no preferred direction of emission with time. Thirdly there’s no relationship between
energy of a given emitted photon and its time of emission. Given the spontaneous nature of
electron-hole recombination, both these assumptions are expected to be true.
5.6.2 Analytical Light Transport Contribution to the CRLB
Using the specular light transport PDF we may now calculate its contribution to the CRLB CTR.
To demonstrate the relative contribution of the light transport, we will calculate the CRLB each
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time we include a new contribution. In figure 5.10 a flow chart of the CRLB calculation for each
additional contribution included is given.
Scintillator
Detector
Initial 
Conditions
Calculate Light Transport PDF
Intrinsic CRLB CRLB with 
Light Transport
CRLB with
Light Transport
and Photodetector
Convolution Convolution
Figure 5.10: Calculation of the CRLB CTR with each of the three contributions. Three methods
of calculating the light transport distribution are possible.
It can be seen that the CRLB CTR is calculated in logical sequence as each PDF would apply
in the scintillator detector. For the analytical model we are essentially looking at the unwrapped
configuration only. Therefore the number of events detected, n, needs be set appropriately. There-
fore we choose a value of 36002.3 ≈ 1500. The factor of 2.3 has been chosen as this is the drop seen in
the light output when the wrapping is removed in light output measurements. See appendix A.2
for measurements and discussion of this ratio. The value of 3600 is chosen as there are 3600 inde-
pendent cells [18]. This value is kept constant in all the following measurements unless otherwise
stated. The CRLB CTR values for the unwrapped configuration using the analytical model is
given in figure 5.11.
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Figure 5.11: The CRLB CTR (in ps) is calculated for scintillator crystal lengths from 5 mm to
30 mm. The CRLB for the three contributions is calculated as described in figure 5.10.
In this, the CRLB values have been calculated for a range of DOI values across the scintillator
crystal. A weighted mean of the CRLB values is then taken, based upon the gamma ray photon
absorption length in LYSO. For 0.511 Mev gamma ray photons this is 12 mm [21] at 0.511 MeV.
In this figure we can see several results. Firstly, as expected, the intrinsic limit CRLB due to the
material does not vary with scintillator crystal length. Secondly with light transport we see that the
CRLB does increase with scintillator crystal length. This matches our results from chapter 3. For
a 30 mm scintillator crystal it can be seen that the light transport is responsible for approximately
30% of the CRLB. Therefore despite that the photodetector’s contribution is currently larger, even
for a TTS of only 70 ps, it shows that light transport plays a significant part in the degradation
of the timing performance. The full results are given in table 5.1.
Table 5.1: The CRLB CTR for typical scintillator crystal lengths.
CRLB CTR
Scintillator crystal Intrinsic limit . . .and with . . .and with
length (mm) (ps) Light transport (ps) photodetector (ps)
5 81.6 101.4±3.2 178.7±2.0
10 81.6 114.5±2.8 184.3±5.6
15 81.6 122.2±4.4 189.1±8.8
20 81.6 129.7±5.6 195.8±10.2
25 81.6 135.3±6.9 199.8±11.2
30 81.6 140.7±8.4 205.2±10.5
It should be noted that these results are for a low light output, in the unwrapped configuration.
If we assume the light transport contribution does not change between configurations, we can
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estimate the CRLB for the wrapped case. For example, for an LYSO-scintillator detector with a
single crystal of length 20 mm the CRLB CTR becomes 129.1± 6.7 ps
5.6.3 Variation of the CRLB with Interaction Position
To compare to our radiation measurements described in Chapter 3, we can plot the CRLB against
the depth of interaction (DOI). In figures 5.12, 5.13 and 5.14 we plot the CRLB CTR against DOI
for 5 mm, 20 mm and 30 mm scintillator crystals respectively.
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Figure 5.12: The CRLB CTR with DOI for a scintillator crystal of length 5 mm is shown. The
peak to peak change from the lowest DOI to the highest is 183.4 ps to 177.3 ps.
In figure 5.12 the CRLB CTR against DOI for a 5 mm scintillator crystal is shown. We can
see several things. Firstly the contribution of the light transport is at its lowest compared to the
longer scintillator crystals. Secondly the change in the CRLB CTR with DOI is low; Only 183.4 ps
to 177.3 ps peak to peak. This is a change of only 6.1 ps over the length of the scintillator crystal.
Most records of high CTR performance are done using such short scintillator crystals
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Figure 5.13: The CRLB CTR with DOI for a scintillator crystal of length 20 mm is shown. The
peak to peak change from the lowest DOI to the highest is 214.0 ps to 182.1 ps.
In figure 5.13 the CRLB CTR against DOI for a 20 mm scintillator crystal is shown. In this
the peak to peak variation is much larger, namely 31.9 ps from 214.0 ps to 182.1 ps.
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Figure 5.14: The CRLB CTR with DOI for a scintillator crystal of length 30 mm is shown. The
peak to peak change from the lowest DOI to the highest is 217.5 ps to 186.8 ps.
Finally in figure 5.13 the CRLB CTR against DOI for a 30 mm scintillator crystal is shown.
The peak to peak variation in this case is 217.5 ps to 186.8 ps giving a difference of 30.6 ps.
However in the case of the 30 mm scintillator crystal the change is predominantly near where the
DOI is close to the scintillator crystal length.
These results show that a drop in the CRLB CTR with DOI but only for long enough scintillator
crystals and only at DOI values greater than half the scintillator crystal length. Below this half way
mark, the CRLB CTR with DOI is fixed. The analytical results in figure 5.14 can be compared
to the experimental results presented in figure 3.4. Looking at the blue triangle data points
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representing the unwrapped measurements with DOI, it is possible the relationship shown does
match that predicted by the analytical model. In table 5.2 the peak to peak data for the radiation
measurements are given.
Table 5.2: The peak to peak values of the CTR against DOI measurements performed in chapter 3.
Sample Configuration Peak to Peak (ps)
20 mm LYSO:CeCa Partially Wrapped 21.2
Unwrapped 21.0
Wrapped 17.9
30 mm LYSO:Ce (30A) Unwrapped 28.5
Wrapped 35.1
30 mm LYSO:Ce (30B) Unwrapped 16.6
Wrapped 23.2
We can see that for the unwrapped configurations the peak to peak (PTP) values are the same
or lower than the values predicted from the model. This could be due to insufficient range in the
measurements, namely that it is difficult to get reliable CTR measurements close to the edges of
the scintillator crystal. Another, more probable solution is that in the DOI measurements a volume
is excited by electronic collimation, not a fixed point. This could lead to an averaging effect which
would damp out the change in the CTR.
In this work we consider the inclusion of this model of light transport to be correct for several
reasons. Firstly the process is analogous to the process of transit time spread within photodetector.
In both cases an individual quanta of information, namely a photon or photoelectron, is generated
and will arrive at a given time with a known probability. As the CRLB model including the
photodetector has been shown to be accurate [24, 72], it is likely that light transport can be
treated in the same fashion. Secondly the analytical model describing light transport is simple and
based on few assumptions. In the next section we will present a more complete model based upon
a Monte-Carlo simulation of the scintillator crystal. In this we will see that the analytical model is
a good description of the physical behaviour of light travelling through the system. Finally, several
previous works have shown that degradation in the time resolution is present due to differences in
geometry and surface effects. It is in the author’s opinion that these effects can only be described
by alterations to the light transport, and in this work the light transport PDF.
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5.7 A Model Carlo Model based Description of Light Trans-
port
In this section we present a Monte-Carlo simulation of the scintillator detector written by the
author to generate the light transport PDF. Such a simulation allows much more complex physics
to be included within the model. The simulation is open source and written in Python. The source
code is available at https://github.com/marksbrown/photontracing.
The Monte-Carlo model works by simulating the progression of a large number of photons
through a geometry until it reaches a sensitive surface. At this surface a photon may be considered
to be ‘detected’. At each ‘time step’ within the simulation the photon will progress to a new surface.
The subsequent direction the photon travels in, if at all, will be determined by the probabilities
assigned to various reflection models. Each of these models will be discussed in this section. After
many such events are collected, the arrival times are histogrammed. The resulting distribution,
after normalisation, gives the light transport PDF. As an added advantage of this method, the
number of detected events can be estimated. This is done by
n = Floor(
Ndet
Ngen
.4700) (5.34)
where Ndet is the number of photons detected by the photodetector face, Ngen is the number of
photons generated in the run and ‘Floor’ takes the integer portion of the calculation. The value of
4700 is chosen from [24]. This is chosen as the maximum number of events detected per interaction
for two reasons. Firstly this paper presents a metastudy of over a dozen papers on LYSO. The
collected values from these works give the most reliable measure we can compare against thus
far. Secondly as the purity and fabrication method of LYSO has improved over time, so has the
light output [3]. Thirdly by comparison with equation 2.9, 4700 detected events corresponds to a
scintillation yield in the range of 30,000 to 40,000 photons per MeV. Both of these points make
4700 a reasonable approximation.
5.7.1 Specular Contributions to the CRLB CTR
We will begin by replicating results discussed in the previous section on the analytical model.
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In this section we will look at the behaviour of a 2×2×20 mm3 LYSO scintillator crystal. The
excitation will be generated in the centre of the scintillator crystal, giving a DOI of 10 mm. The
Monte-Carlo simulation will look at 100,000 photons per run. This is to ensure good convergence
in the final result and ensure variance in the Monte-Carlo PDF is low.
Purely Specular
For purely specular reflection, the light transport PDF calculated using the Monte-Carlo model
and the analytical model is shown in figure 5.15.
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Figure 5.15: The light transport PDF is calculated from the Monte-Carlo model (shown his-
togrammed in blue) and from the analytical model (shown as a dashed red line). Both PDF’s
model a 2× 2× 20 mm3 LYSO scintillator crystal with a DOI of 10 mm.
In this figure we can see that the analytical model and the Monte-Carlo model match perfectly.
In this simulation 78.2% of the generated photons escaped through all faces. 36.1% of light is seen
to escape through the photodetector face. This corresponds to 1694 photons seen in the above
figure. Using this PDF and this value we can estimate the CRLB CTR. The intrinsic CRLB CTR
in this case is 78.4 ps. With the light transport the CRLB CTR becomes 126.1 ps. Finally with
the addition of the photodetector the CRLB CTR becomes 194.8 ps. For a 20 mm scintillator
crystal these values are in good agreement with table 5.1.
Inclusion of Fresnel
Next we will add Fresnel reflection. These are the amplitudes of transmission and reflection due
to refractive index mismatch between materials. The derivation of the equations used can be
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found in [79]. In figure 5.16 we show the light transport PDF along with the analytical model for
comparison.
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Figure 5.16: The light transport PDF is calculated from the Monte-Carlo model (shown his-
togrammed in blue) and from the analytical model (shown as a dashed red line). Both PDF’s
model a 2× 2× 20 mm3 LYSO scintillator crystal with a DOI of 10 mm. In this case we include
Fresnel reflection.
In the above figure, the inclusion of Fresnel reflection has several effects. Firstly there is a visible
tapering at the edges of both forward and backward modes. This is due to higher reflectance at
oblique incidence angles close to the critical angle. Secondly we see a portion of photons from the
backwards mode arriving before the bulk predicted by the analytical model. As discussed earlier
in the chapter this will correspond to a non-zero reflectance. Thirdly we can see an additional
mode after 400 ps. This corresponds to photons that did not escape from the forward mode to due
the imperfect transmittance at the scintillator crystal/photodetector interface. In this case we see
78.4% of generated photons escape through any available face. Furthermore we see that 36.1% of
generated photons escape through the photodetector face. Given that Fresnel reflection does not
alter the direction of travel the lack of any change in the light output from the previous case is
expected. However the number of detected events is now 1752. A minor increase we can attribute
to non-zero transmittance through the side faces increasing the chance of some photons reaching
the photodetector in sufficient time. Using this PDF we can estimate values for the CRLB CTR.
In this case the intrinsic CRLB CTR is 77.1 ps. With the light transport contribution, the CRLB
CTR becomes 127.6 ps. Finally with the inclusion of the photodetector, the CRLB CTR becomes
196.6 ps. This indicates that the contribution of Fresnel reflection upon the CRLB CTR for a
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polished scintillator crystal is low. In this case below 1%.
Inclusion of Lobe
The final specular contribution we will see is Lobe reflection. This is whereby imperfections in
the surface cause small deviations from the expected specular behaviour. In [54] this behaviour
is modelled as a Gaussian distribution about the intended specular direction. The size of the
deviation the paper predicts from measurement is 1.3◦. In our own measurements in chapter 4 we
see values similar to these.
Lobe reflection can be formally defined as specular reflection with an addition of a deviation
vector, ~m, of the form
~m = R(~v)

m cos (φr)
m sin (φr)
0
 (5.35)
where R is a 3 × 3 rotation to align the deviation vector such that ~m × ~v = 0. ~v is the outgoing
specular reflection vector without Lobe. Addition of the deviation vector, ~m, is used to include
the effect in the Monte-Carlo simulation. φr is a uniform random angle between 0 and 2pi and m is
the amplitude of the deviation. This is typically taken as the cosine of a sampling from a normal
distribution with a scale describing the mean angular deviation from specular we predict. In this
chapter we use a value of 1.3◦ [54].
In figure 5.17 we look at only the Lobe contribution without Fresnel reflection enabled.
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Figure 5.17: The light transport PDF is calculated from the Monte-Carlo model (shown his-
togrammed in blue) and from the analytical model (shown as a dashed red line). Both PDF’s
model a 2× 2× 20 mm3 LYSO scintillator crystal with a DOI of 10 mm. In this case we include
Lobe reflection. A lobe angle of 1.3◦ is used to represent a polished surface [54].
In the Lobe reflection PDF shown above we can see several interesting effects. Firstly there
is a small reduction in the amplitude of both the forward and backwards mode. Secondly there
is a tail to both the forward and backward modes. Both effects correspond to photons initially
destined to arrive on time, being deviated by the Lobe reflection.
In this simulation 99.7% photons escape. If we ran the simulation for a longer period this
would tend to unity. This is for two reasons. Firstly we do not (yet) include bulk absorption
and so photons exist forever. Secondly with sufficient time, a photon will receive a large enough
deviation to reach a angle, with respect to a given face, below its critical angle and escape. The
number of photons escaping through the photodetector face however is still low, namely 36.3%.
This corresponds to 1870 detected events. This is an increase of over a hundred events compared
to the purely specular Monte-Carlo model. Using this PDF we can estimate values for the CRLB
CTR. In this case the intrinsic CRLB CTR is 74.7 ps. With the light transport contribution, the
CRLB CTR becomes 126.1 ps. Finally with the inclusion of the photodetector, the CRLB CTR
becomes 195.4 ps.
This is another small improvement in the CRLB over the purely specular case. This would
indicate that low angle Lobe reflection, corresponding essentially to specular, is a negligible effect
upon the CRLB CTR. In the next chapter we will explore larger angle Lobe reflection to determine
if these have a larger effect.
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Both Lobe and Fresnel
Finally, for completeness, we look at inclusion of both Lobe and Fresnel reflection, as shown in
figure 5.18.
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Figure 5.18: The light transport PDF is calculated from the Monte-Carlo model (shown his-
togrammed in blue) and from the analytical model (shown as a dashed red line). Both PDF’s
model a 2× 2× 20 mm3 LYSO scintillator crystal with a DOI of 10 mm. In this case we include
Lobe and Fresnel reflection. A lobe angle of 1.3◦ is used to represent a polished surface [54].
In this 99.6% of light escapes with 1890 detected events corresponding to 35.9% detected. Using
this PDF we can estimate values for the CRLB CTR. In this case the intrinsic CRLB CTR is 74.7
ps. With the light transport contribution, the CRLB CTR becomes 127.8 ps. Finally with the
inclusion of the photodetector, the CRLB CTR becomes 197.6 ps. The full results of this section
are given in table 5.3.
Table 5.3: CRLB CTR estimates for Fresnel and Lobe reflection contributions.
Fresnel Lobe Total Detected CRLB CTR · · · With Light · · · With
Fraction Escaped Events Intrinsic (ps) Transport (ps) Photodetector (ps)
False False 0.78 3676 78.4 126.1 194.8
False True 1.00 4687 74.7 126.1 195.4
True False 0.78 3685 77.1 127.6 196.6
True True 1.00 4680 74.3 127.8 197.6
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5.8 Discussion
In this chapter we have presented our preferred method for estimating the timing performance of
scintillator detectors using a statistical inference technique known as Fisher information. We first
use this technique to demonstrate that skewness in the photodetector PDF will change the expected
CRLB CTR. In the section we show that a positive skewness of 0.8, such as one estimated from a
real SER, will result in a CRLB CTR 20% lower than we expect. A more thorough study of skewness
present using TCSPC with the MPPC in question could be useful in determining variation, if any,
in the SER. As stated earlier, any variation in the SER will result in an increased uncertainty in
the CRLB CTR and thus lead to a contribution to the error in any CTR measurement, regardless
of DOI information.
Next we derive and present an analytical model for the light transport contribution within the
scintillator crystal. This description of light transport is sufficient to model the effect of CTR
degradation with scintillator crystal length. This can be understood as the variance of travel time
for light transport increasing with scintillator crystal length. In terms of interaction position we
can also see that we would predict some variation in the CTR. This variation is shown to be low
and within experimental error compared to results presented in Chapter 3. We would recommend
repeating the CTR against DOI measurements with two changes. Firstly reduce the volume of
the radiation source to improve the effect of electronic collimation. This will reduce the effect
of averaging which may be hiding the CTR variation with DOI. Secondly use an automated
translation stage to alter the DOI. This will allow more measurements to be taken and in a more
reliable fashion.
From the Monte-Carlo simulation results presented thus far, we would conclude that near-
specular contributions converge to the same result as purely specular descriptions. In the next
chapter we will explain the surface description to model more complex reflection processes. After a
brief exploration of these properties describing the current system we will use this model to explore
alternative modes of reflection.
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Chapter 6
Exploration of Potential Methods
to Improve the Timing
Performance
Outline
In this chapter we will expand the CRLB model presented and validated in the previous chapter.
The model describing the surface will be expanded to allow description of more complex effects,
such as diffusive wrapping. Once done we will investigate some of these effect and determine their
contribution to the timing performance. In doing so we wish to explore potential methods for
improving the CTR of the scintillator detector. Note that in this chapter we will predominantly
look at a scintillator crystal of size 2×2×20 mm3. This is due to its common usage in our previous
measurements as well as its reasonable dimensions for actual use in a realistic gamma camera. In
Section 2.2.3 the reasons behind this shape is discussed further. Finally it is worth noting that
short scintillator crystals have been used to demonstrate very good CTR values [80]. As previously
discussed, such short crystals will have poor sensitivity and are not useful in typical PET scanners.
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6.1 The Two Layer Surface Model
6.1.1 Outline of Model
Scintillator crystals are typically wrapped or coated in a diffusive material to significantly increase
the light output and improve timing and energy performance of the overall scintillator detector [69].
To model this behaviour within the Monte-Carlo simulation accurately, a two layer approach will
be utilised. The schematic of the surface is given below in figure 6.1.
Inner Surface
Outer Surface
(A) (B)
(C)
nmedia
ninterface
nouter
Figure 6.1: The two layer surface model employed within the Monte-Carlo simulation of photons
within the scintillator crystal. There are three key interaction positions labelled as A, B and C
upon the figure. These refer to the inner surface interaction, the outer surface interaction and the
Snell’s law interaction respectively. The three refractive indices, nmedia, ninterface and nouter, refer
to the material in which they are located.
In the above figure there are three positions, A, B, C, labelled. These can be described as
(A) The inner surface interface. Light reflected is described by specular and lobe reflections
only. The probability of which is determined by usage of the Fresnel equations for unpolarised
light1. The reflectivity parameter determines the probability of reflection back into the
scintillator crystal. At this interface the parameter is set to zero, such that all reflections
back into the scintillator crystal are due to the relative refractive index mismatch between
nmedia and ninterface only. Transmitted light is deviated due to Snell’s law before passing
onto the next interaction.
(B) The outer surface interface. Light that has escaped the scintillator crystal is now within
1The Fresnel reflectance equations for the two linear (orthogonal) polarisations are chosen equally at random.
Therefore we simply take the average of the TE and TM Fresnel values in each case.
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a intermediary, interface, layer with thickness much greater than the light’s wavelength2. At
the outer surface only the reflectivity parameter is taken into account — Fresnel reflection is
not taken into account. Any light not reflected is assumed lost. Reflected light is returned
with a new direction determined by the reflection model describing the interface between
ninterface and nouter.
(C) Re-entry inner surface. All photons reflected from the outer surface can have their
direction of travel adjusted by Snell’s law between ninterface and nmedia. No reflection or
absorption is considered at this boundary3. This is based on the assumption that imperfect
reflectance at the outer surface interface will prevent light propagation through the thick
interface layer. This interaction can be switched off to model photons interacting at the
interface layer rather than passing into it.
By incorporating refractive index mismatch at the two interfaces, the effect of intermediary
materials can be investigated. In the next section we will expand work presented in the previous
chapter to look at the effect of wrapping upon the CRLB CTR.
6.2 Incorporation of Diffusive Wrapping
An ideal diffuse material will scatter light into equal amounts per unit solid angle [81]. Known as
a Lambertian emitter, the irradiance (power per unit solid angle) seen for a given polar angle θ is
given by
E(θ) = E0 cos θ (6.1)
where E0 is the irradiance seen at normal incidence. For PTFE, a common wrapping material
used with scintillator detectors, this scattering profile was observed Section 4.3. In this we saw the
expected cosine behaviour with an additional specular Lobe component. When PTFE is wrapped
about scintillator crystals the light output is seen to increase by a factor of 2.3 compared to the
unwrapped case. For further results in area see Appendix A.2. Furthermore in figure 3.2 we can see
2Currently no time delay is implemented, however this would be simple to implement if required.
3Consideration of photons coupled into the interface layer is beyond the scope of this work.
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that the quality of the wrapping will also affect the CTR observed. Our model should endeavour
to explain both these effects.
In this chapter we will model PTFE as an ideal Lambertian emitter with unity reflectivity. This
is to reduce the complexity of the model and allow a cleaner comparison with the unwrapped case
discussed in the previous chapter. As in the previous chapter, discussed in Section 5.7.1, 100,000
photons are simulated per run. This is chosen to ensure the error is statistically insignificant. All
other parameters are the same as described in the previous chapter, unless otherwise stated. To
begin we will look at the effect of the interface layer upon the timing performance. In figure 6.2
the CRLB CTR with interface refractive index is shown.
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Figure 6.2: The CRLB CTR (in ps) is calculated for inclusion of PTFE with varying interface
refractive index. It can be seen this reaches a minimum at 1.35 — The refractive index of PTFE.
From this figure we can see that imperfect coupling, below interface refractive index of 1.4,
leads to a degradation in the CRLB CTR. This is primarily due to the drop in the light output.
Above 1.35 the CRLB CTR is seen to dramatically increase.
To explore both cases we will look at three interfaces — air, PTFE and LYSO. These correspond
to refractive indices of 1.00, 1.35 and 1.80 respectively. In figure 6.3 an interface refractive index
of 1.00, corresponding to an air gap, is shown.
104
0 100 200 300 400 500
time (ps)
0.000
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
En
er
gy
 D
en
si
ty
Figure 6.3: The light transport PDF calculated from the Monte-Carlo model with the inclusion
of PTFE wrapping is shown. Poor coupling between the wrapping and scintillator crystal is
implemented via the presence of an air gap (ninterface=1). The red dashed line corresponds to the
analytical model, as described in the previous chapter, with 36% of energy escaping.
In the above figure 62.1% of the incident light escapes during the first 0.5 ns. This is a factor
of 1.7 more than the Monte-Carlo case representing the unwrapped configuration. In this case the
intrinsic CRLB CTR is seen to be 59.8 ps. With light transport this increases to 110.4 ps. With
the photodetector, the CRLB CTR becomes 154.2 ps. This is an improvement of 43 ps or 22%
in the CTR over the unwrapped configuration. Next we look at the ‘ideal case’. In figure 6.4 an
interface refractive index of 1.35, corresponding to perfect coupling with the wrapping, is shown.
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Figure 6.4: The light transport PDF calculated from the Monte-Carlo model with the inclusion
of PTFE wrapping is shown. In this case good coupling is shown between the wrapping and the
scintillator crystal (ninterface = 1.35). Such an interface would indicate perfect coupling between
the wrapping and the scintillator crystal. The red dashed line corresponds to the analytical model
with 36% of energy escaping.
In the above figure the CRLB CTR is seen to be 133.7 ps with 88% of incident light escaping
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during the first 0.5 ns. This corresponds to a factor of 2.4 compared to the unwrapped configu-
ration. This is slightly higher than the value seen in light output measurements, such as those in
Appendix A.2. For this figure the intrinsic CRLB CTR is seen to be 50.3 ps. With the inclusion
of light transport this increases to 102.1 ps. And with the photodetector the CRLB CTR becomes
133.8 ps. This an improvement of 64 ps or an improvement of 32%.
Comparing the two cases we can see that the CTR seen will be sensitive to the interface. Poor
coupling, as seen in the Chapter 3, can lead to significant degradation in the CTR. The two cases
show a difference of 20.4 ps or 13%. In table 3.4 a difference of 12% is seen between the best and
worst 30 mm measurements. For 5 mm this is seen to be 10% and for 10 mm this is seen to be
9%. This would be weak evidence for the interface causing the time resolution degradation in the
case of PTFE wrapping. Further study should look at diffusive coatings with different refractive
indices up to 1.8 to determine if the relationship shown in figure 6.2.
Looking at both previous figures we can see that photons are arriving ahead, and about, the two
modes seen for the specular cases only. This is consistent with a portion of the light not transmitted
through the scintillator crystal normally reaching the photodetector earlier due to the presence of
the PTFE wrapping. With good coupling this effect is even more pronounced showing strong
increases over the two analytical modes alone. To determine if the shape of the light transport
PDF is having a significant effect we can remove the contribution to the time resolution of the
number of detected events. This done by comparing the ratio of their respective Fisher Information
using, equation 5.8, to give
I2
I1
=
CTR2
√
n2
CTR1
√
n1
(6.2)
where Ii is the ith Fisher information, CTRi is the ith CTR and ni is the ith number of detected
events. I2I1 is the ratio of the Fisher informations. For the two CRLB CTR values from earlier in
this chapter, 133.8 ps and 154.2 ps, a Fisher Information ratio of 1.04 is seen4. Using the above
formula comparing the light transport CRLB values we see a Fisher Information ratio of 1.05.
Both ratios imply that the predominant contribution to the CRLB CTR is the number of detected
4If I2
I2
= 1 then σ1
√
n1 = σ2
√
n2. Explicitly this means that the light transport PDF is not changing the timing
performance.
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events, not the curve shape itself.
Next we look at the case where the interface layer is set to a refractive index of 1.8. In this
manner all photons will escape the scintillator crystal and interact with the PTFE. In figure 6.5
an alternative diffusive coating with a refractive index of 1.8 is shown.
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Figure 6.5: The light transport PDF calculated from the Monte-Carlo model with the interface
layer refractive index set to 1.8. This can be interpreted as a diffusive coating of high refractive
index rather than PTFE.
In the above figure the light transport PDF for a high refractive index (ninterface = 1.8) diffusive
coating is shown. In this figure we can see a clear difference in the light transport PDF compared
to the previous wrapped cases. In this case 15.3% of the light is detected in the first 0.5 ns. The
intrinsic CRLB CTR is 49.8 ps in this case. With light transport, this dramatically increases to
249.0 ps. Finally with the photodetector the CRLB CTR becomes 269.3 ps. This is 72 ps, or 36%
worse than the unwrapped case! The Fisher Information ratio between this model and the good
coupling case is 2.7. Therefore we can conclude that the light transport PDF can significantly
degrade the CTR however in optimal conditions this does not occur significantly.
Finally we can look at how the CRLB CTR varies with length. In figure 6.6 for good and bad
coupling this is shown.
107
5 10 15 20 25 30
Scintillator Crystal Length (mm)
40
60
80
100
120
140
160
180
CR
LB
 C
TR
 (p
s)
intrinsic with Light Transport with Photodetector
Figure 6.6: . The CRLB CTR with scintillator crystal length is shown with each contribution
added in. The upper and lower bounds of each coloured region indicate the CRLB CTR calculated
for the good and bad coupling cases, as described earlier in this chapter. The black lines indicate
the mean between these two effects.
In this figure we show the variation in the CRLB CTR due to just the change in the refrac-
tive index of the interface layer. The black lines are the mean between the poorest (we expect)
(ninterface=1) and the best (ninterface=1.35). Note that, since there is no material between the scin-
tillator crystal and the PTFE, we do not expect the interface refractive index to exceed this value.
We can see several interesting things in this figure. Firstly, as expected, the CTR degrades with
increasing scintillator crystal length. Secondly the interface variation gives a first order estimate
of the error in our CRLB predictions. For instance for a scintillator crystal of length 5 mm value
of 130±20 ps is observed. This is a 15% error. Therefore for any improvement (or degradation)
in the time performance to be clearly visible, we must aim to exceed this limit (or control the
wrapping quality exceedingly carefully).
6.3 Alteration of Geometry
Before looking at more complex surface alteration models, we can consider non-cuboidal geometries.
We will look at two such geometries — namely raised edge and trapeziums. We chose to look at
these two geometries for a few reasons. Firstly, these two are chosen as both can be tessellated
producing scintillator detectors comprised of many scintillator crystals. This is a common approach
to maximise the available volume of coincidence and minimize the expense of photodetectors upon
the final system. Secondly, these geometries will occupy a greater volume when placed into a ring
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geometry, thus increasing the sensitivity of a resulting PET scanner constructed using them. The
effect of this has been discussed in [82]. Thirdly, alteration of the surface angles with respect to
one another would be a cheap method of altering the travel time through the scintillator crystal
of generated optical photons.
6.3.1 Raised Edge Geometry
We will first look at the raised edge. In figure 6.7 three examples (one being the cuboid case) of
the raised edge geometry are shown.
Figure 6.7: Three raised edge geometries are shown for a fixed cuboid length of 20 mm. The
shaded face indicates the location of the photodetector.
To ensure the interaction position relative to the top and bottom does not change, the length
of the scintillator crystal is reduced as the raised edge is increased. In this case we hold the depth
of interaction in the middle of the scintillator crystal. To determine if the curve shape is related to
the angle between the raised edge face and the photodetector or the excitation position, the CRLB
CTR with scintillator crystal length for this geometry is calculated. In figure 6.8 the CRLB CTR
(in ps) is calculated for a 2 × 2 × L mm3 cuboid altered by introduction of a raised edge from 0
mm to L mm. In this case we look at three scintillator crystal lengths — namely 10 mm, 20 mm
and 30 mm.
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Figure 6.8: The CRLB CTR (in ps) is calculated for scintillator crystals of length 10 mm, 20 mm
and 30 mm.
In the above figure we see several things of interest. Firstly in all three scintillator crystal
lengths, the same shape is observed with raised edge. The results of which are given below in
table 6.1.
Table 6.1: The minimum CRLB CTR (in ps) values for the raised edge geometry are given.
Scintillator Crystal Minimum Regular Cuboid Raised Edge
Length (mm) Position (mm) CTR (ps) CTR (ps) Difference (ps)
10 6 122.1 109.6 12.4 (10.2 %)
20 11 132.3 113.3 19.0 (14.3 %)
30 23 142.9 115.9 27.1 (18.9 %)
These show a minima in the CRLB CTR at 6 mm, 11 mm and 23 mm for the 10 mm, 20 mm
and 30 mm scintillator crystal lengths respectively. In each case there is an improvement in the
CRLB CTR over the cuboid geometry. For the 20 mm case,an improvement in the CTR of 19 ps
or 14% compared to the regular cuboid geometry is seen. In all three cases there is a convergence
to approximately 117 ps. This would indicate that there is some universal degradation effect upon
the time resolution in all three cases. To observe why this is, we can look at the light output with
raised edge. The light output (expressed as a percentage) is given below in figure 6.9.
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Figure 6.9: The light output (expressed as a percentage) with raised edge (in mm) is given for
various scintillator crystal lengths.
In the above figure we can see that the light output reaching the photodetector increases to a
maxima near the half way position of each scintillator crystal. In the case of the 20 mm scintillator
crystal the light output increases by 10% from 89% to 99% from a raised edge of 0 mm to 10 mm.
Using equation 6.2 would only explain an increase in CTR of 5% — Less than half the improvement
shown above. Furthermore beyond this position we see the same drop off — indicating there is
an optimal raised edge in each case and a degradation effect beyond this. Intuitively it can be
seen that for high values of a raised edge, photons are reflected into high angles with respect to
the photodetector. Therefore a larger portion of the backwards mode no longer escapes within the
time period defined by the two (specular) modes. Finally we can look at the light transport PDF
below in figure 6.10 for a raised edge of 10 mm and a scintillator crystal length of 20 mm.
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Figure 6.10: The light transport PDF for a raised edge of 10 mm for a 2 × 2 × 20 mm3 LYSO
scintillator crystal.
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In this figure there are several things we can observe. Firstly we can see a significant increase
in the proportion of light reaching the photodetector sooner than the forward mode would predict
for the unwrapped configuration. This effect leads to a large proportion of light arriving during
the forward mode that would not do so in the regular cuboid geometry. Secondly the light arrives
in a continuous fashion, rather than split into the two modes.
From the results in this section we would conclude that alteration of the face opposite the
photodetector could be of some benefit to improving the time resolution. We will discuss this
result further at the end of this chapter.
6.3.2 Trapezium Geometry
Instead of altering one face, we alter four to produce a trapezium geometry. We will consider a
cuboid of volume 2× 2× 20 mm3 altered as shown below in figure 6.11.
Figure 6.11: Three trapeziums defined by their angle, θ, relative to the photodetector face (shown
shaded). All trapeziums are defined altered from a cuboid of dimensions 2 × 2 × 20 mm3. The
shaded face indicates the location of the photodetector.
In this figure we demonstrate negative, zero and positive θ trapeziums. θ is the angle between
the photodetector surface normal and a lateral face. For simplicity we keep the lateral faces tilted
at the same angle as one another and fix the length of the trapeziums to 20 mm. The CRLB CTR
(in ps) is calculated for varying θ below in figure 6.12.
112
2.0 1.5 1.0 0.5 0.0 0.5 1.0 1.5 2.0
Theta (Degrees)
40
60
80
100
120
140
160
180
CR
LB
 C
TR
 (p
s)
intrinsic
with Light Transport
with Photodetector
Figure 6.12: The CRLB CTR (in ps) calculated for different trapezium defined by an angle relative
to the photodetector face normal.
For positive θ, there is degradation in the CRLB CTR. This is most likely due to an increasing
portion of the forward mode arriving later at the photodetector simply due to specular reflection.
As this will only be affected by the light output changing we can see that the proportion of photons
arriving in the first 0.5 ns drops, thus leading to degradation in the time resolution. In figure 6.13
below we can see the light output with θ.
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Figure 6.13: The light output with the angle θ for the trapezium geometry is shown.
In this case it can be seen that the light output drops significantly with positive θ. For positive
θ little improvement in the light output is visible however the time resolution is seen to improve.
At −2◦ a CTR of 130.9 ps corresponding to a drop of 10.3 ps from the regular cuboid is seen. This
corresponds to an improvement in the CTR of 7%. Interestingly this drop is not matched by a
corresponding increase in light output, implying that the improvement is solely due to the change
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in the light transport PDF.
In both the raised edge and the trapezium geometry it can be seen that alteration of the angle
photons are scattered at will alter the time resolution seen. This would indicate that a mechanism
for reducing the travel time to the photodetector, via scattering, from the interaction position will
improve the time resolution. This will be explored further in Section 6.5.
6.4 Top Face Alteration
Much work has been completed in the investigation and creation of structures to improve light
transmission through the top face of the scintillator crystal [83–85]. This work is predicated on the
understanding that photons reflected due to refractive index mismatch (Fresnel and total internal
reflection) lead to increased travel time for a portion of the forward mode. By reducing or removing
this effect, it is hoped the CTR will be improved. In this section we will present results comparing
three scenarios. These are
1. A LYSO scintillator crystal coupled to the photodetector with a layer of optical grease of
refractive index 1.4 [44]. This is the case as described earlier in this chapter.
2. The same as case one, but the grease layer is replaced with an idealised Bragg grating. In
this case we assume all photons incident below the critical angle are transmitted through the
interface to the photodetector. This is modelled by switching off Fresnel reflection. However
a secondary test for incident angle below and above the critical angle is still performed.
3. As case one, but the grease layer is replaced with a scattering structure. In this case all
photons incident are transmitted through the interface to the photodetector, regardless of
incident angle. This modelled by assuming no Fresnel reflection or critical angle test.
In figure 6.14 we find that the light transport PDF is not significantly altered from that pre-
sented in figure 6.4.
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Figure 6.14: The light transport PDF with the inclusion of a scattering structure to improve
coupling between the scintillator crystal and the photodetector present. The red dashed line
corresponds to the analytical model with 36% of energy escaping.
In the above figure we find that the light output reaches 93.4%, an improvement over the 88%
seen without it’s presence. However this only results in an increase in the CRLB CTR to 128.9 ps
from 133.7 ps — An improvement of less than 4%. This is well within the experimental error of
measurement shown in Chapter 3. For the inclusion of a Bragg grating the results are essentially
identical. The CRLB CTR reaches 128.8 ps for a light output of 93.4% in the first 0.5 ns. The
change in the light transport PDF from the ‘normal’ wrapped configuration is shown below in
figure 6.15.
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Figure 6.15: The difference in the light transport PDF with the inclusion of a Bragg grating or
scattering structure compared to the wrapped configuration is shown. In this figure a bin width
of 20 ps has been used to highlight the change in the PDF in a clearer fashion.
In the above figure we can see that the presence of any structure at the top face to improve
coupling does increase the proportion of energy arriving earlier. The lack of difference between
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the two cases implies that high angle photons are not a significant contribution to the CTR. In
this wrapped configuration these photons will escape through the lateral faces and interact with
the PTFE tape. A portion of which will then be transmitted with a shorter time than would be
expected to the photodetector. Of these photons, which would be below the critical angle, the
effect of the scattering structure and the Bragg grating would be the same — namely to negate
Fresnel reflection. To further explore this effect we can repeat the above measurements, but in this
case for an unwrapped scintillator crystal. In this case the change in the light transport PDF can
be seen below in figure 6.16.
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Figure 6.16: The difference in the light transport PDF with the inclusion of a Bragg grating or
scattering structure compared to the unwrapped configuration is shown. In this figure a bin width
of 20 ps has been used to highlight the change in the PDF in a clearer fashion.
In this figure a much more marked improvement in the light transport PDF is visible. Again
there is little difference between the two cases. This larger improvement in the light transport
PDF is borne out in the improvements in the CRLB CTR seen. The light transport PDF for the
unwrapped configuration with the scattering structure present is given below in figure 6.17.
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Figure 6.17: The light transport PDF with the inclusion of a scattering structure to improve
coupling between the scintillator crystal and the photodetector present for the unwrapped config-
uration is shown. The red dashed line corresponds to the analytical model with 36% of energy
escaping.
In the above figure a taper beyond the forward mode is seen. These photons would not escape in
the unwrapped case as these correspond to photons trapped by refractive index mismatch. For this
light transport PDF the CRLB CTR becomes 172.4 ps, from a value of 198.2 ps for the unwrapped
configuration — thus demonstrating an improvement of 13%. The light output increases from
35.1%5 to 48.7%. A very similar improvement is seen for the Bragg grating. The improvement in
the CRLB is much larger (13% compared to 4%) in the case where no wrapping is present. We
would conclude that photons arriving at high polar angles with respect to the photodetector can
contribute to the time resolution. In the case of inclusion of wrapping, these photons are scattered
at the lateral faces, overcoming the critical angle limitation due to the refractive index mismatch.
When there is no wrapping, the scattering structure fulfils this role.
6.5 Lateral Face Alteration
In Section 6.3 it was seen that the angle of the lateral face relative to the photodetector will
alter the time resolution. In this section we will look at exploring this further by creation of
arbitrary reflection profiles. These profiles are presented without any justification for their physical
possibility. The aim is to identify the relationship between angular confinement and the timing
performance. Application of these profiles to one or more faces of the scintillator crystal will explore
5This value is slightly lower than that presented in the previous chapter due to the use of optical grease. As the
grease used has a refractive index lower than the glass, there is a minor drop in the light output due to this.
117
the potential for improvement using such profiles. These will correspond to idealised scattering
profiles for a potential nanostructure to be designed to perform. One such structure allowing theta
confinement will be discussed in the next chapter.
6.5.1 Uniform Distribution
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Figure 6.18: Uniform reflection profile compared to Lambertian profile showing 10,000 reflected
photons.
To begin we will look at an unconfined case, namely photons given a random direction into a
hemisphere [86]. This, compared to the Lambertian case discussed earlier in this chapter, is shown
in figure 6.18. The difference between the two is made much more apparent if we calculate the
polar angle of a large number of generated reflected photons, such as in figure 6.19.
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Figure 6.19: Histograms of the polar angle of Lambertian compared to the uniform directions are
shown. Note that a sine correction is applied to correct for changing polar angle bin size.
In this figure we can see the expected cosine behaviour of the Lambertian distribution. In this
section we will look at three cases using the uniform distribution. These are
1. None — Only PTFE is used. This corresponds to the wrapped configuration. This is
the control in each case. In the following we assume good coupling, ninterface = 1.35 (see
section 6.2).
2. Single — A single lateral face is converted to the given reflection profile.
3. All — All faces apart from the photodetector face (including the bottom face) are covered
in the given reflection profile.
Using this uniform distribution for the three cases we calculate the CRLB CTR for various
interface refractive indices. This is shown below in figure 6.20.
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Figure 6.20: The CRLB CTR (in ps) is calculated for inclusion of the uniform reflection profile
for various interface refractive indices.
In this figure we can see there is a minimum in the CRLB CTR for the all surfaces case at an
interface refractive index of 1.4 — Corresponding to half way between 1.8 (the refractive index for
LYSO) and 1.0 (for air). Note that the interface refractive index between the PTFE and LYSO
does not change in the above figure, only between the customised surface and the scintillator
crystal. It can be seen that both for the single and all case there are regions where the CRLB
CTR is improved. At the minimum, this improvement is small — 3.9 ps (or 3%) for the single
case and 9.1 ps (or 7%) for the all case. In the next two sections we will look at confining the
uniform distribution. Any improvement should be larger that both of these values to attribute any
improvement due to the confinement in question.
120
6.5.2 Polar Angle Confinement
Figure 6.21: Reflection profile of 2000 reflected photons confined within polar angle range (θ1, θ2)
shown. The polar angle range shown is between 40◦ and 70◦.
In figure 6.21 the uniform distribution is altered to give polar angle, referred to as θ, confinement.
In this case we defined a minimum and maximum angle, namely θ1 and θ2. For instance, in the
figure above polar angles of 40◦ and 70◦ are shown to demonstrate the idea.
Polar angle confinement is attempted for a couple of reasons. Firstly, in section 6.3, it was seen
that altering the angle that photons exit a face can change the time resolution. Photons with high
angles with respect to the lateral faces will potentially reach the photodetector quicker than those
trapped on slower paths. Secondly a Lambertian emitter, such as PTFE, has limited scattering
into high angles however inclusion is seen to improve the time resolution. Therefore a ‘designed’
scattering surface could improve the time resolution.
As we wish to scatter photons incident at low angles, with respect to the lateral face surface
normals, into high angles, but not affect those already at high angles, we can utilise the interface
layer. In this manner we will alter the interface refractive index to prevent photons at low incident
angles escaping, and thus interacting with the customised surface. In figure 6.22 we alter the
interface refractive index for scattering into θ1 and θ2 of 80
◦ and 90◦ respectively. These angles
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are chosen as they reflect ‘good confinement’ and potentially scatter a good portion of photons
toward the photodetector quicker than a comparable case using PTFE.
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Figure 6.22: The CRLB CTR (in ps) is calculated against the interface refractive index. The
optimal CRLB CTR with PTFE (as shown in figure 6.4) is given as a red dashed line. The green
line shows the effect of changing one lateral face to the customised reflection profile. The blue
line shows the effect of changing all faces, bar the photodetector face to the customised reflection
profile.
At an interface refractive index of 1.4, the case with all faces altered (bar the photodetector
face) sees an improvement of 9.9 ps or 7%. For a single lateral face altered this improvement is 5.3
ps or 4%. There is also an increase in the light output of 4.6% and 8.9% between for the single and
all face cases respectively. As shown earlier in the chapter, using equation 6.2, these improvements
in the light output correspond to improvements in the CTR by 2.5% and 5% respectively. The
size of such an improvement is therefore minor and potentially not visible within experimental
error. Furthermore we see the same levels of improvements for the uniform distribution. As the
improvement in the CTR is at least in part due to the light transport PDF, the changes seen are
given in figure 6.21.
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Figure 6.23: The change in the light transport PDF for inclusion of theta confinement surfaces is
shown. A bin width of 10 ps is chosen to show the change. An interface refractive index of 1.4 is
used.
In this figure we can see an improvement in the forward mode for both the single and all cases.
Curiously we also see a degradation in the backwards mode in the all case. This would indicate
that photons are being shifted between the modes in a positive fashion. The minor improvement
in the CTR observed is most likely due to the limited reduction in the variance of photon path
length to the scintillator crystal. This improvement however is much more attributed to the shift
from Lambertian to uniform rather than from Lambertian to polar angle confinement.
6.5.3 Azimuthal Angle Confinement
In figure 6.24 photons are confined by azimuthal angle with respect to the surface normal.
123
Figure 6.24: Reflection of photons from an idealised surface with phi confinement only. In this
case a ∆φ of 60◦, in the positive x direction, is shown.
In this case we can see that there is a range of azimuthal angles which is forbidden. In this case
photons outside the range of−30◦, 30◦ about the positive x direction are not allowed. Therefore
the φ confinement angle, ∆φ, is 60◦.
Azimuthal angle confinement can be used to reduce the number of photons reflected toward
the bottom face. Therefore this model will lead to explicitly shorter path lengths. This is because
photons from the backwards mode will be preferentially scattered towards the photodetector.
To begin we will look at the case where the interface layer refractive index is 1.8. This will
maximise the number of photons interacting with the customised reflection layer. Following this
we can explore the effect of the interface refractive index in this case. In figure 6.25 and figure 6.26
the CRLB CTR (in ps) is calculated against confinement angle, ∆φ.
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Figure 6.25: CRLB CTR (in ps) against confinement angle (∆φ), including light transport, in the
direction towards the photodetector face only. The red dashed line shows the performance of the
good coupling case from PTFE in comparison. Green and blue lines correspond to single and all
face coverage respectively.
In the above figure we see the CRLB CTR calculated with inclusion of the light transport contri-
bution only. We initially look at just the light transport contribution (without the photodetector)
to isolate the azimuthal angle confinement. It can be seen that for a single face, a high proportion
of confinement is required to exceed the PTFE example — less than 30◦. When the azimuthal
angle confinement takes place on all lateral (and rear) faces there is a dramatic improvement in the
timing performance. This is even more fascinating that it only requires minimal phi confinement
to see performance greater than the PTFE good coupling case. In this case less than 150◦ will
lead to timing performance beyond the wrapped configuration. This result confirms what we had
discussed in chapter 3 about the importance of the geometrical contribution. This is an important
result as it would potentially overcome the degradation in the time resolution due to scintillator
crystal length. Below in figure 6.26 the CRLB CTR is calculated for the same phi confinement
model, but this time including both the light transport and the photodetector contributions.
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Figure 6.26: CRLB CTR (in ps) against confinement angle (∆φ), including light transport and the
photodetector, in the direction towards the photodetector face only. The red dashed line shows the
performance of the good coupling case from PTFE in comparison. Green and blue lines correspond
to single and all face coverage respectively.
There are few changes from the case including solely just the light transport shown in figure 6.25.
Firstly inclusion of a single (lateral) face, with the phi confinement model, will now cause an
improvement below 60◦ phi confinement rather than 30◦. Secondly with all faces covered in such
a phi confinement model, we surpass the wrapped configuration after 160◦ rather than 150◦.
Furthermore in this latter case after 90◦ the CRLB CTR reaches a minimum value of 103 ps.
This is an improvement of 30.8 ps or 23% compared to the wrapped configuration. These changes
can most likely be explained by the relative size of their contributions compared to the Gaussian
describing the photodetector. As the light transport contribution goes below 70 ps, this becomes
negligible compared to the larger photodetector contribution. As we discussed in section 5.4.1 a
modern SiPM has a TTS FWHM value of 165 ps. Encouragingly this method of phi confinement
offers a way of reaching sub-100 ps scintillator detectors if the photodetector contribution can be
reduced further. In figure 6.25 values of 60 ps could be possible with LYSO as the scintillator
crystal.
The reason for this dramatic improvement can be seen clearer if we observe the light trans-
port PDF for these cases. In figures 6.27 and 6.28 the light transport PDF for the inclusion of
the azimuthal angle confinement for the single and all cases are shown. These are for the high
confinement cases, namely a min φ of −10◦ and a max φ of 10◦.
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Figure 6.27: The light transport PDF with inclusion of an azimuthal angle confinement for a
single (lateral) face altered. The red dashed line corresponds to the analytical model with 36% of
energy escaping.
In the above it can be seen that the forward mode is shown to have dramatically increased in
size relative to the PTFE good coupling case. This despite a minor drop in the initial portion of
the forward mode leads to near complete light extraction in the first 500 ns. In the case of all
faces, shown below, this effect is much more pronounced.
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Figure 6.28: The light transport PDF with inclusion of an azimuthal angle confinement for all
lateral and bottom faces altered. The red dashed line corresponds to the analytical model with
36% of energy escaping.
In this case it’s clear that the forward mode has been significantly improved due to the inclusion
of the azimuthal angle confinement. A portion of the improvement in the CRLB CTR can also be
attributed in the increase in the light output — In this case close to all the light escapes within
the forward mode.
Again using equation 6.2 the Fisher ratio can be calculated. This gives values of 1.09 and
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1.22 for the single and all cases respectively. Therefore we can conclude that azimuthal angle
confinement not only increases the light output it also improves the light transport, reducing its
contribution to the CTR.
6.5.4 Highly Directed Confinement
In this final case we utilise both azimuthal angle and polar angle confinement. This can be consid-
ered the idealised light transport case for a cuboidal geometry. In figure 6.29 an example of this
high confinement is shown.
Figure 6.29: Reflection of photons from an idealised surface with azimuthal and polar angle
confinement. In this ∆θ is 20◦ and ∆φ is 20◦.
The calculations described in the previous section are now repeated for varying ∆φ but with a
significantly reduced ∆Θ of 10◦. The results of which are shown below in figure 6.30.
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Figure 6.30: The CRLB CTR (in ps) is calculated against ∆φ for the highly confined model. The
red dashed line shows the performance of the good coupling case from PTFE in comparison. Green
and blue lines correspond to single and all face coverage respectively.
In this figure we can see several changes from figure 6.26. Firstly the single face will now
cause improvement for any ∆φ below 100◦ rather than 60◦. Secondly for all faces changes an
improvement will be seen for any δφ below 170◦. This latter case essentially corresponding to θ
confinement only as described in section 6.5.2. In the limiting case where ∆θ and ∆φ tends to
zero, the lowest CRLB CTR seen is still 103 ps. This effect is attributed due to the photodetector
contribution once again becoming the only contribution of any significant size.
6.6 Discussion
In this chapter we have presented both existing and potential mechanisms for improving the timing
performance of scintillator detectors. We began with the inclusion of PTFE (diffusive wrapping).
Exploration of the variance introduced by differences in wrapping coupling offers a good description
of the variation in CTR observed in Section 3.4. For good coupling, this set the benchmark that all
potential improvements must match. Importantly in this section we determined that the interface
refractive index is of critical importance in light transport. This matches the results presented in
Section 3.4.
The work on PTFE looked at an idealised Lambertian emitter. This was for two reasons. Firstly
introduction of additional variables would add additional complexity and make it more difficult
to isolate the effect of diffusive scattering upon the timing performance. Secondly incorporation
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of incident angle dependent scattering is a complex topic and would require further expansion
of the photon simulation tool. Once done this would allow inclusion of scattering profiles from
BRDF measurements performed using the imaging sphere. Similar work has been performed before
in [66]. In this it was seen that near-specular, Lobe, reflections could be fairly approximated but
more complex surfaces still had a large deviation.
In the next section we looked at geometrical alteration to improve the timing performance.
In this we found that both raised edge and trapezium geometries would lead to improvements
in the CTR. Further work should look at improvements once incorporated into tessellating bulk
scintillator detectors to determine if sensitivity can be improved whilst maintaining or improving
the timing performance.
Finally we looked alteration of the reflection model itself. In this we aimed to confine photons
into preferential directions to determine if this would not only increase the light output but reduce
the variance in light transport PDF. It should be noted that the alterations are presented without
reference to how such phase changes would be implemented. Our aim is purely to observe the
effect of angular confinement, not to explain how to accomplish this.
We began by looking at uniform, isotropic, scattering. Crucially this approach requires no
control over the far-field. In this we found that, for an appropriate choice of interface refractive
index, an improvement of 7% over the PTFE case was possible. The same level of improvement was
seen for polar angle confinement. This would imply that isotropic scattering improves the CTR
regardless of outgoing polar angle. To explore this we looked at azimuthal angular confinement.
In this we found dramatic improvements in the timing performance. In some cases it was seen
that the light transport contribution could be rendered negligible compared to the photodetector
contribution to the PDF. Finally we looked at inclusion of both types of confinement. When this
is done it is seen that the lower bound determined by the photodetector contribution is not reduce
however it is reached for poorer confinement quicker.
As we will see in the next chapter, accomplishing such scattering structures presents many
challenges. Not least that coherent scattering of isotropic incoherent light into useful far-field
patterns is not within the abilities of phase-based scattering. However to demonstrate one potential
direction of work we will look at producing polar angle confinement using arrays of dipole scatterers.
Future work in this area should look at inclusion of the effect of losses upon the CTR. Bulk
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losses can already be understood as a drop in the light output and modelled using equation 6.2.
Surface losses due to light escaping or ohmic losses should be explored further to determine the
lower bounds on the performance of such surfaces.
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Chapter 7
Polar Angle Confinement by
Reflection from Scattering Array
7.1 Introduction
7.1.1 Outline
In this chapter we will present a prototype design for preferentially scattering light into high polar
angles. In the previous chapter we discussed the benefits of such structures upon the timing
performance. We look at polar angle, rather than azimuthal angle, confinement for two reasons.
Firstly simulating and optimising an azimuthal angle structure will require significantly more run
time. This is because there is no (longer) any azimuthal angle symmetry to exploit. Due to this,
such an optimisation will require many incident directions to be simulated to accurately predict the
final performance. Secondly polar angle confinement is a smaller alteration from specular reflection.
Essentially we require the outgoing angle to exit at a marginally higher exit angle — thus shallower
with respect to the surface. Such deviations from specular reflection are discussed in [87]. In this
paper the introduction of a phase gradient to alter the relationship between incoming and outgoing
directions is discussed.
To begin we will explore past and present work that have incorporated top and lateral scintilla-
tor crystal surface alterations to improve scintillator detectors. Following this we will establish the
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initial conditions of the system in terms of light as well as a metric to quantify any improvement.
The remaining bulk of this chapter will focus on the methodology of designing such a structure for
incoherent light using the scattering differential cross section.
7.1.2 Nomenclature
An array of two dimensional scatterers upon an interface between two media will be referred to as
a metasurface. A metasurface is a metamaterial confined to two dimensions. As in metamaterials,
desirable bulk scattering behaviour is engineered however much less material is used. Furthermore
due to the thinness of such structures there is potential for lower losses [88]. Since the interaction
position within the scintillator crystal cannot be controlled, the metasurface should be designed
such that an isotropic source of photons is created directly below it. In this approach we see that
for the interaction position to always appear below the metasurface, the scattering structure must
be periodic.
7.2 Background
7.2.1 Top Face Alteration
The biggest studies in this field are alteration of the top face [84,89]. As discussed in the previous
chapter in Section 6.4, the aim of such an alteration is to increase the coupling efficiency. The
reasoning for such work is based upon the principal that the travel time variance through the
scintillator crystal is small relative to the light output contribution to the time resolution. As we
showed in Chapter 6, this is a valid assumption. In cases where there is poor coupling between
the scintillator crystal and the photodetector, namely cases where optical grease cannot be used,
top face alteration methods are effective [90]. However I would conclude there are two main issues
with this direction of research. Firstly to accommodate higher sensitivities needed for PET, longer
scintillator crystals must used. This will lead to an increase in the geometrical contribution to
the time resolution. Furthermore losses will be predominantly through lateral faces. Secondly in
most scenarios, including in PET, optical grease can be used. As presented in Chapter 6 we would
conclude that incorporation of idealised top face alteration will lead to minimal time resolution
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improvement.
New work in this field [85, 91, 92] looks at fabrication of such devices. In all three cases, light
output has been seen to improve between a high refractive index media, such as LYSO, and air.
No work thus far has demonstrated improvement with optical grease in place. These studies
however are useful for work presented in this chapter as they discuss simulation methodology.
With reference to these papers, this will be discussed in Section 7.2.3.
7.2.2 Lateral Face Alteration
Lateral face alterations look at either improving DOI information extraction [93] or increasing
the light output at the top face by increased scattering [64]. In the former case the work looks
into improving the spatial resolution within a bulk scintillator crystal. The latter paper looks
at laser etching patterns into a lateral face of a scintillator crystal. In doing so they aim to
increase reflectivity back into the scintillator crystal and thus reduce losses. The paper shows a
90.4% increase in the light output (without optical grease present). Interestingly this is the only
reference found to look into this novel methodology. There is one prior reference to alteration
of the lateral face in [7] on page 46 discussing Anger cameras. The schematic shown from the
reference is given in figure 7.1.
Figure 7.1: Light propagating from a single position within a scintillator crystal. Diffusive layers
are present at the top and bottom of the image. The top is considered to be highly reflective. The
sides are considered to be highly absorbing. The photodetector is present at the bottom face. This
image is taken from [7].
In this figure the ‘aspect ratio’, that is the ratio of the length compared to the pixel area, is
reversed to that used in PET. In this case we utilise absorbing layers on the lateral (side) faces
to improve spatial resolution. This is due to a much higher proportion of photons reaching the
photodetector without collisions with the lateral faces. There are no known references to lateral
face alterations with the aim to preferentially scatter photons towards the photodetector.
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7.2.3 Proposed Designs
Ideally we wish to construct a metasurface capable of the confinement behaviours described in
the previous chapter. Any such structure should work within the constraints specified by light
produced within the scintillator crystal. These being
1. Generated optical photons are incoherent, broadband and unpolarised.
2. Photon emission occurs from a single point and has no preferred direction.
3. Every generated optical photon carries information.
In this chapter we will endeavour to lift some of these restrictions by calculation of the differ-
ential scattering cross section using analytical methods. We will now discuss each of these three
conditions in greater detail and how they will be dealt with in this work.
The First Condition
As each photon has no phase relationship with any other, each will be treated as a plane wave
source in simulation. Unpolarised light is treated in all simulations by summation of orthogonal
polarisation modes for a given incident wave in the far field. In tools such as FDTD Solutions [94],
broadband simulations can be performed. To reduce the number of variables, in this chapter
simulations will be performed at the peak wavelength for photon emission within LYSO only —
namely 420 nm. In [95] a similar method is presented showing scattering structures functioning
across a wide range of wavelengths.
These studies have an additional advantage. Namely that full control of the phase of reflected
light for both orthogonal polarisations has been demonstrated [95–97]. This control of the direc-
tionality will be essential in our structure’s design.
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The Second Condition
This condition is the most difficult to account for. This is due to the large range of wavevectors
the structure needs to act upon. For LYSO the range of wave vectors of interest can be defined as
~k · ~n = 2pi
λ
kˆ · nˆ (7.1)
∴ kmin =
2pi
λmax
cos θmax (7.2)
∴ kmax =
2pi
λmin
(7.3)
where ~k is the wave vector of an incoming optical photon, λ is its wavelength, ~n is the scintillator
crystal’s surface normal and θmax is the maximum angle between the surface normal and incoming
photon we wish to consider. The minimum wavelength in this work will be 400 nm as this corre-
sponds to the edge in the rapid decrease in absorption length of LYSO. The maximum wavelength
as determined from figure 4.3, will be at least 500nm. As discussed in the previous chapter, utili-
sation of an interface layer allows us to reduce the number of photons the metasurface will interact
with. Therefore the maximum angle will depend upon the refractive index mismatch between the
scintillator crystal and the interface refractive index. From the previous chapter, for polar angle
confinement a interface refractive index of 1.4 gives the maximum improvement. Therefore we
need a critical angle of 51◦. It should be noted that the incident angle of an incoming photon will
have a much larger effect upon the range of wavevectors needed. Therefore in the following work
we will focus on a single wavelength with multiple incident polar angles.
Secondly, most simulation tools are poorly designed to deal with multiple incoming incoherent
directions. In FDTD simulations, such as [94], it is possible to simulate broadband interactions
simultaneously. Simulation of unpolarised light requires two runs. Simulations of multiple incoming
directions from plane wave sources, enough to fairly simulate a cone of unpolarised light quickly
runs into runtime issues. This is prior to optimisations or parameter sweeps. In prior work
simulations typically look at a single wavelength of a single polarisation at normal incidence.
In [84] CAMFR [98] is used for these calculations. In this case normal incidence is used. In [85]
the computational difficulty is acknowledged. In this paper, Rigorous Coupled Wave Analysis
(RCWA) is utilised with a 2D cross section of the structure. The individual cone shape used
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as the singular structure is then optimised in FDTD. This approach allows polar angles to be
investigated much more thoroughly for both polarisations as RCWA in 2D is much quicker than
FDTD in 3D. In [92] an unspecified FDTD method averages dipoles emitting in the x, y and z
planes relative to the structure. The most promising computational method found thus far is in a
thesis [99]. In this, a structure optimisation technique known as the Adjoint method is described.
On page 97, a method outlining the improvement of an anti-reflection coating is described. In this
the optimisation strategy looks at improving the ‘worst performing mode’ in each iteration. In this
way, the net performance of the system can be improved iteratively.
The Third Condition
As shown in [24] ordered photon information rapidly approaches the CRLB. Furthermore the
standard inverse square root behaviour with light output ties light output to the time resolution.
In both cases, losses will lead to time resolution degradation. Therefore any additional losses due
to the metasurface must be minimised.
High reflectance values of up to 80% have been observed with metallic scatterers [96]. Fur-
thermore as there is no transmission through a metallic interface, composed of such scatterers,
losses will be significantly reduced. A high cross section will ensure that interacting photons are
scattered a minimal number of times before reaching the photodetector. If this cannot be achieved
then the reflectance must be near ideal to ensure losses due to the metasurface are minimised. As
long as losses are very minimal, any scattering structure with good reflectance and a useful far-field
pattern should perform better than a purely diffusive wrap. This is because photons will interact
with lateral faces many times before reaching the photodetector.
7.3 Calculation of the Differential Scattering Cross Section
For a single sufficiently small scatterer, with respect to the incident light’s wavelength, a single
electric dipole will be induced. The magnitude of the induced dipole moment with respect to the
incident electric field will determine the strength of scattering into a particular solid angle. By
collections of such scatterers we are able to create a phase difference between dipoles and thus tune
the far-field pattern to a desired shape.
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To calculate the far field pattern of an array of electric dipoles we will need to calculate the
differential cross section. This is defined as
dσ
dΩ
=
k4
(4pi0E0)2
∣∣∣∑
j
[
~∗.~pjei~q.~xj
]∣∣∣2 (7.4)
where σ is the cross section, k is the wavenumber of the incoming radiation, E0 is the amplitude
of the incoming radiation, 0 is the permittivity of free space, ~ is the polarisation of the outgoing
radiation, ~p is the (induced) electric dipole moment, ~q is the elastic scattering vector and ~xj is the
position of the jth scatterer [79, eqn 10.18]. For an identical series of electric dipoles the dipole
term will be removed from the sum leaving
dσ
dΩ
=
k4
(4pi0E0)2
|~.~p|2F (~q) (7.5)
where F (~q) is known as the structure factor. This term is discussed further in Section 7.3.1.
One of the main advantages of calculating the differential scattering cross section in this manner,
is that unpolarised light can be accounted for directly. By representing unpolarised light as two
orthogonal polarisations we can define
∴
dσ‖
dΩ
=
k4
(4pi0E0)2
| − ~p.~n0 × (~n0 × ~n)|2F (7.6)
∴ dσ⊥
dΩ
=
k4
(4pi0E0)2
|~p.(~n0 × ~n)|2F (7.7)
dσ
dΩ
=
dσ⊥
dΩ
+
dσ‖
dΩ
(7.8)
where ~n0 is the incident direction vector, ~n is the scattered direction vector and ~k is the wavevector
of the incoming wave. In Appendix D.1 the derivation of the two orthogonal modes is given.
It can be seen that there are now two terms which we must determine to design the metasurface.
These are the structure factor, F and the induced dipole moment, ~p. In the next subsections we
will discuss the derivation of these two terms.
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7.3.1 Derivation of the Structure Factor
For the elastic scattering vector, ~q = k(~n0 − ~n), the structure factor in two dimensions is defined
as
F (~q) =
∣∣∣∑
x12
ei~q.~x12
∣∣∣2 (7.9)
where ~x12 is the position of the (x1, x2) scatterer. Therefore if the positions of scatterers are known,
the structure factor can be calculated. A periodic array in two dimensions can be written as
~x12 = xˆ(U1d1 cos θ1 + U2d2 cos θ2) + yˆ(U1d1 sin θ1 + U2d2 sin θ2) (7.10)
where U1, U2 are integers defining each scatterer position, θ1 and θ2 are the angles with respect to
the x axis and d1 and d2 are their separation distances respectively. Substituting equation 7.10
into 7.9 results in
F =
∑
U1,U2
| exp(ik(~n0 − ~n) · (xˆ(U1d1 cos θ1 + U2d2 cos θ2) + yˆ(U1d1 sin θ1 + U2d2 sin θ2)))|2
(7.11)
F =
∑
U1
| exp(iU1f(d1, θ1))|2
∑
U2
| exp(iU2f(d2, θ2))|2 (7.12)
where fi = di(~q · xˆ cos θi + ~q · yˆ sin θi). The summation can be solved analytically by
F =
∣∣∣eif1 1− eikN1f1
1− eif1
∣∣∣2∣∣∣eif2 1− eiN2f2
1− eif2
∣∣∣2 (7.13)
F =
1− cosN1f1
1− cos f1
1− cosN2f2
1− cos f2 (7.14)
which results in
F =
sin2 N1f12
sin2 f12
sin2 N2f22
sin2 f22
(7.15)
where N1 and N2 are the number of scatterers in each axis. Unless otherwise stated, this is the
form of the structure factor used in this chapter. This calculation assumes no secondary effects
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due to multiple scattering within the metasurface.
7.3.2 Derivation of the Induced Dipole Moment
The dipole moment ~p will be induced by incident light. The relationship between the incident
electric field ~Einc and the dipole moment is
~p = mα~Einc (7.16)
where m is the relative dielectric constant of the media and α is the polarisability of the scatterer.
The polarisability of a sphere is defined as
α = 4pia3
− m
+ 2m
(7.17)
where  is the relative dielectric constant of the sphere and a is the sphere radius [79]. In this work
we wish to look at more complex scatterer shapes. This is with the aim of maximising interactions
with ranges of incoming directions and minimise in others. In these case the polarisability must
be treated as a tensor. For spheroids the polarisability tensor has three components of the form
αi = 4piabc
i − m
3m + 3Li(i − m) (7.18)
where i is the axis under interest, i is the relative dielectric constant in this axis, a, b, c are
the ellipsoids semiaxes and Li is the geometry factor [100, eqn 5.32]. There are three forms the
spheroid can take. These are
1. Oblate — Flattened sphere
2. Spherical — Zero eccentricity sphere
3. Prolate — Needle-like (nematic) sphere
In this work we are interested in the oblate case. This is for two reasons. Firstly this much more
closely resembles the circular disks which are discussed in previous work on metasurfaces. Secondly
the magnitude of the induced dipole moment will be significantly lower for high angles of incidence.
140
This is due to significantly reduced thickness in this axis. This is a desirable behaviour in this work
as high angles photons should remain so rather than interact with the metasurface. The geometry
factor for the oblate case (a = b) is
Li =
g(e)
2e2
[
pi
2
− tan−1 g(e)
]
− g
2(e)
2
(7.19)
g(e) =
√
1− e2
e2
(7.20)
e2 = 1−
( c
a
)2
(7.21)
where e is the eccentricity of the oblate spheroid. Critically these are arranged such that the
‘different’ axis is aligned in z. For an eccentricity tending to zero, the geometry factor tends to 13 .
Utilising equation 7.22 and the oblate spheroid polarisability it is possible to analytically cal-
culate the induced dipole moment. This takes the form
~p = mαe
i~k·~re−iωt ~E0 (7.22)
where ~r is the position of the dipole, ~k is the wavevector, ~E0 is the amplitude and plane of oscillation
of the incident plane electric field. More complex polarisabilities can be found numerically [101].
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7.4 Proposed Metasurface Design
7.4.1 Method
Scatterer spacing
Figure 7.2: A hexagonal array of scatterers forming a metasurface. In this case the key parameter,
namely the scatterer spacing, is shown.
In figure 7.2 the periodic array that will be optimised is shown. A hexagonal array is chosen as it
is a closer match to the symmetry of the incoming light source. Equation 7.10 will take the form
~x12 =
d
2
[xˆ(U1 + 2U2) + yˆ(
√
3U1)] (7.23)
In this chapter we will optimise the scatterer spacing, d and hold the spheroids shape constant. This
is due to our primary focus being the structure factor’s influence upon the far-field pattern. Future
work utilising more complex simulation, such as FDTD, can investigate the far-field behaviour of
individual scatterers. In figure 7.3 the metric for the performance of a metasurface is shown.
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Figure 7.3: Idealised incoming and outgoing directions are shown for a polar angle confinement
metasurface.
In this figure it can be seen that a cone of randomly generated incoming photons becomes
a random direction in a theta confined outgoing pattern. Mathematically we can determine the
performance of such a metasurface over multiple incoming directions by
M(θ|∆θ) = 1
M(0|pi2 )
θ+∆θ∫
θ′=θ
dσ
dΩ
(n|n0) cos θ′dθ′dφ′
where M is the fraction of the far-field pattern within the desired theta range, n is the outgoing
vector of interest, n0 is the incoming vector of interest, θ is the minimum polar angle and ∆θ is
the range of polar angles acceptable.
In the next section we will utilise code1 to produce a parameter sweep of the dipole spacings. In
this initial study we will implement Aluminium oblate spheroids. This was chosen as a material as
its refractive index was known, it has a plasmonic resonance close to the emission range of LYSO
1Available at https://github.com/marksbrown/DipoleArray
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and its usage in other metasurfaces was evident [102]. Each scatterer will have a fixed height of
1 nm and a radius of 50 nm. These parameters are chosen as they are significantly below the
wavelength of incident light. Therefore only electric dipoles will be induced. Secondly the low
thickness of 1 nm is chosen to ensure low scattering cross section at high polar angles of incidence.
These parameters are chosen as a first approximation of the individual scatterer shape. Further
work will need to be performed to determine the optical shape, size and material. In this manner
the scattering differential cross section will be predominantly controlled by the structure factor. A
1000 by 1000 hexagonal array of such spheroids is embedded within a dielectric material matching
the refractive index of LYSO. This is considered sufficiently large to model an infinite array.
The performance of the metasurface should be compared to the proportion scattered into the
desired polar angle range for an isotropic (no preferred direction) surface. For an isotropic emission
source we can calculate the proportion of light expected into a given range of angles by integration
over solid angle. The fraction scattered in an angle θ or higher would be given by
f
f0
= cos θ (7.24)
where ff0 is the fraction of light from an isotropic source emitted into angles greater than θ and less
than pi2
2. For instance, for a minimum angle of 80◦, we would expect to see 17%. Therefore any
value from a metasurface greater than this indicates it is possible to beneficially alter light greater
than that of an isotropic source (essentially depolishing the lateral faces). For multiple incoming
directions this is a useful comparison to make.
7.4.2 Normal Incidence Results
To begin we look at incoming light at normal incidence only. We will look at spacings from 200 to
600 nm in 5 nm increments. This range is chosen as it covers the emission region of LYSO with
good clearance each side. The results of these simulations are given below in figure 7.4.
2Integration of dΩ = sin θ′dθ′dφ′ for {φ′, 0, 2pi}, {θ′, θ, pi
2
}.
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Figure 7.4: Calculation of the proportion of light scattered into polar confinement of 60◦ to 90◦
shown in blue, 70◦ to 90◦ shown in green and 80◦ to 90◦ shown in red with scatterer spacing in
nanometres. The grey lines are a moving average for each case. In this case incident light comes
from normal incidence only.
In the above figure it is seen that it is possible to scatter nearly all light into a chosen polar
angle confinement. For increasing polar angle confinement in the outgoing direction, the narrower
the region corresponding to 100% becomes. In figure 7.5 the scattering cross section for varying
scatterer spacing is shown.
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Figure 7.5: Calculation of the scattering cross section for varying scatterer spacing. In this case
incident light comes from normal incidence only.
In this case it is clear that the scattering cross section is insignificant below a scatterer spacing
of approximately 500 nm. Secondly there is a clear edge at 420 nm. This matches the incident
light wavelength. The low cross section below this would indicate there is poor coupling between
the metasurface and light at this wavelength. We would therefore see a scatterer spacing of 500
nm would be a good starting position for further optimisation of the metasurface.
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7.4.3 Isotropic Source Results
We begin by expanding the previous model to many incoming directions. This is modelled by
simulating a range of incident polar angles and weighting the results by a cosine factor to match
the distribution shown in figure 6.19. In figure 7.6 the result of this is shown.
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Figure 7.6: Calculation of the proportion of light scattered into polar angle confinement of 60◦ to
90◦ shown in blue, 70◦ to 90◦ shown in green and 80◦ to 90◦ shown in red. In this case incident
light comes from an isotropic source.
From this figure we can see several things. Firstly for good confinement, namely between 80
and 90 degrees, only 10% of incident photons will be scattered into the desired direction. This is
lower than the proportion stated in equation 7.24. Despite this if there are no ohmic losses, and the
number of collisions with the lateral faces is high, then over many such collisions a good proportion
of light will be preferentially scattered into the preferred confinement. This is due to individual
photons interacting with the lateral faces multiple times on their propagation to the photodetector.
Secondly the best performance is seen about 300 nm. The inverse cosine of the incident wavelength
and the scatterer spacing 300420 comes out to 45
◦. This strongly indicates that the scatterer spacing
is linked to a mean incident wavenumber. Thirdly the variation in performance is seen to be lower
than in the normal incidence case. Given the broadband nature of incoming light it is unsurprising
that the metasurface shows poorer performance.
To determine the potential effectiveness of such structures with the inclusion of an interface
layer, we limit the isotropic incoming source to polar angle regions. In figure 7.7 incident polar
angles up to 30 degrees are considered. As discussed previously, this corresponds to an air gap
between the scintillator crystal and the metasurface.
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Figure 7.7: Calculation of the proportion of light scattered into polar angle confinement of 60◦ to
90◦ shown in blue, 70◦ to 90◦ shown in green and 80◦ to 90◦ shown in red. In this case incident
light comes from between 0 and 30 degrees. This corresponds to a critical angle between LYSO
and air.
In the above figure it can be seen that the proportion of light scattered into the desired con-
finement is improved compared to the isotropic case. In this the peak performance is seen near
380 nm. For the 10 degrees of polar angle confinement, shown in red, 40% of light is scattered.
This is over double that expected from purely an isotropic source.
More realistically we can look at an interface layer corresponding to a refractive index of 1.4. In
the previous chapter this was seen to have the optimal performance improvement for polar angle
confinement. In figure 7.8 incident angles up to 51 degrees corresponding to this interface layer.
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Figure 7.8: Calculation of the proportion of light scattered into polar angle confinement of 60◦ to
90◦ shown in blue, 70◦ to 90◦ shown in green and 80◦ to 90◦ shown in red. In this case incident
light comes from between LYSO and a refractive index of 1.4. This corresponds to the optimal
interface layer refractive index as discussed in the previous chapter.
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The above shows a similar shape and performance to that of figure 7.7. In this case the optimal
performance at 400 nm has 20% scattered into the desired angular range. This is comparable to
the isotropic scattering case value of 17%. The implications of this result will be discussed fully in
Section 7.5.1.
In figure 7.9 the scattering cross section for the optimal interface layer cases are shown with
varying scatterer spacing below in figure 7.9.
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Figure 7.9: Calculation of the scattering cross section for varying scatterer spacing in nanometres.
In this case incident light comes from an isotropic source, a segment cone of an isotropic source
defined by the LYSO/air boundary and the same between LYSO and n=1.4.
In this case the scattering cross section performed is much more uniform across the range of
scatterer spacing. This implies variation due to differences in incident direction are evened out.
The overall performance is good compared to normal incidence. Further study (and improvement)
of the scattering cross section will require additional work.
7.5 Discussion
7.5.1 Work Completed
In this chapter we have presented a method for simulation and optimisation of a metasurface when
many incident directions are an essential part of the design. This method was demonstrated by
looking at the performance of a polar angle confinement design. Most simulation tools are ill-
equipped to manage multiple incoming directions as is necessity in this work. Furthermore most
photonics look at either coherent light sources, or a much lower range of wavevectors.
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To overcome these obstacles we have written software to calculate the scattering differential
cross section. The resulting performance is quantified using a confinement metric. The hexagonal
array of oblate spheroids proposed in this chapter would allow preferential scattering into high polar
angles of a wide range of incident photons. However there are several assumptions underlying this
approach. Firstly scatterers must be small enough to induce only electric dipoles. There must
not be an ‘inter-scatterer’ interactions. Crucially the work presented thus far does not include the
effect of the boundary between the scintillator crystal and an interface layer. Nor does it include
any reflecting layer beyond this. We assume that severely oblate spheroids, namely those with a
thickness of 1 nm in this work, are approximately disks. Finally we assume no losses thus far,
despite using metallic scatterers.
The results presented in this chapter do not show significant improvement over a comparable
isotropic case. This is due to the similarity in the proportions scattered in the polar angle con-
finement and the isotropic case. Furthermore given our polar angle confinement result predicting
minimal improvement, if any, over the isotropic scattering case it would be a poor choice to fabri-
cation. This design was investigated primarily due to its simplicity. Furthermore the tools written
will work well for more complex designs, such as azimuthal angle confinement. In short — the
final result might not be promising but the technique is.
7.5.2 Future Research
Given the unique nature of the photonics requires for scintillator detectors I would suggest several
methods going forwards. Firstly Losses must be exceedingly minimal. Throughout this thesis, and
in prior work, it has been shown that scintillator detector performance is sensitive the number of
optical photons detected. Any reduction in this number must be offset by significant changes to the
light transport PDF. There is recent work which utilises dielectric instead of metal in nano-scaled
structures [103,104]. Whilst utilising dielectrics will reduce the scattering cross section, it will also
allow near-perfect reflectance values.
In [95] combinations of different scatterers are repeated to produce what is referred to as a
supercell. I would suggest investigation of supercells for optimisation of scatterer placement. In
figure 7.10 this idea is applied to the metasurface in this work.
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Figure 7.10: Proposed design for improving control over metasurface design.
In this figure it can be seen that combinations of different scatterers can be arranged into a
hexagonal periodic array. In this manner it is possible to tune different parameters of the supercell
to different requirements. There are several examples of successful application of supercells to
various examples [88,95,97].
Using such supercells it would be interesting to explore whether ‘φ exclusion’ regions could be
defined. As discussed in the previous chapter, even minimal reductions in the range of φ away
from the photodetector can lead to significant improvements in the time resolution. Future work
should look into the potential of improving both θ and φ confinement.
Next to be completed would be a rigorous study of scatterer design using computer simulation,
such as FDTD. Once the scatterer arrangement is completed the supercell can be designed In
figure 7.11 a proposed design for this is shown.
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Figure 7.11: Cross section of an FDTD simulation including important details labelled.
In this figure there are three things to be optimised. These are the top margin, the bottom
margin and the shape of each scatterer. As discussed earlier in the chapter, the Adjoint method
can be used to optimise a design despite many free parameters. In this case this would allow much
finer control over each scatterers shape. This would even allow a selection of incoming directions
to be modelled during the optimisation.
7.5.3 Potential Other Methods
Given the high number of free parameters in the incoming light it may make more sense to look at
techniques that do not rely on coherent light to function. Such methods include patterning, laser
etching [64], graded refractive index (known as GRIN) or material matching. Patterning would
look at larger structures on the lateral faces. Patterns such as chevrons to reduce the portion of
light scattered backwards might be an effective technique to investigate further. Laser etching looks
at introducing tuned roughness on the surface and the resulting effect on light output and timing
performance. In [64] this has been investigated demonstrating improved light output. Other work
has looked into the contribution of roughness and found it can improve the timing performance
[105]. The final, and perhaps simplest method, would be to search for diffusive materials with
a high reflectivity and measure their reflection profile using a reflection goniophotometer. If the
reflection profile has some element of azimuthal confinement this would lead to an improvement
over traditional diffusive materials such as PTFE.
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Chapter 8
Conclusion
8.1 Work Completed in this Thesis
In Chapter 3 radiation measurements, published in PLOS ONE in 2014 [8], are presented. New
work demonstrates no relationship between interaction position and the timing performance of the
scintillator detector. Furthermore it was shown that the quality of the wrap about the scintillator
crystal will the timing performance. Measurements of the timing performance degradation with
scintillator crystal length are also presented. The implications of these results are discussed further
in Section 3.6.
In Chapter 4 optical measurements of LYSO and PTFE are presented. Two sets of new mea-
surements are presented in this work. Firstly, TCSPC measurements look at the alteration to
light propagation through the scintillator crystal directly by observing changes to the lifetime data
of LYSO. TRES measurements on LYSO show no discernible change in the lifetime data with
wavelength within experimental error. Next it was shown that the surface roughness of a single
lateral face will increase the light output by a factor of two. However no change in the lifedata
data was visible. When excitation position is varied, as was done in section 4.2.5, a difference in
lifetime data was visible. Furthermore in the ‘near’ position the light output was third higher.
These results are discussed further in section 4.4.1.
Next reflection goniophotometer measurements of LYSO and PTFE were presented. In LYSO,
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the difference on and off axis for reflection from a polished or roughened surface is shown. It was
seen that the roughening of a lateral face of a LYSO scintillator crystal leads to scattering into high
polar angles. Furthermore light output is seen to increase with roughening for normal incidence
cases. The PTFE results show the predominantly Lambertian behaviour expected for the diffusive
material regardless of incident direction. The implications of these results are discussed in 4.4.2.
The results collected from both experimental chapters are used in Chapter 5 to validate a new
statistical model. The model, based on maximum likelihood statistics, incorporates a light propa-
gation contribution which we refer to as the light transport. Light transport in the model is used to
predict the effect of light propagation through the scintillator crystal upon the timing performance
of the scintillator detector. The light transport is modelled both analytically and by simulation.
In the former case the degradation in the timing performance with scintillator crystal length is
demonstrated. In latter we would conclude that near-specular contributions converge to the same
result as purely specular descriptions. An additional result looked at asymmetry in the photode-
tector contribution. It was shown that a positive skewness of 0.8, such as one estimated from a
real SER, will result in a CRLB CTR 20% lower than we expect for a symmetric photodetector
distribution. Further discussion of the Fisher Information model is found in section 5.8.
In Chapter 6 the model is used to look at more complex surface and geometrical effects. The
incorporation of wrapping into the model, via the simulation, is shown to explain the scintillator
crystal length and quality of wrap contributions to the timing performance. Following this two
alterations to the geometry, raised edge and trapezium geometries, are shown. Both geometries
can improve the timing performance as well as the sensitivity of the overall PET scanner.
Next the surface reflection model is altered to incorporate polar and azimuthal angular confine-
ment. This is explored to determine potential scattering structure designs which would improve the
timing performance. It was shown that minimal improvement is found for polar angle confinement
alone, however incorporation of azimuthal angle confinement can significantly improve the timing
performance. Azimuthal angle confinement was shown to render the light transport contribution
to the time resolution negligible compared to the photodetector contribution. In section 6.5.4 one
optimal reflection model is shown. In this, a CRLB CTR of 103 ps, for a 2 × 2 × 20 mm3 LYSO
scintillator is possible for minimal azimuthal angle confinement if the model is applied to all lateral
(and rear) faces. In section 6.6 the discussion for this chapter is presented.
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In the last chapter, Chapter 7 a method for design and optimisation of metasurfaces using the
scattering differential cross section is presented. To demonstrate this method of calculating the
scattering differential cross section a polar angle confinement structure is designed.
8.2 Discussion of Work Presented
In this thesis we have endeavoured to understand light and its role in scintillator detectors. In this
manner we wish to determine not only a logical set of rules that describe the system, but also a
model which would allow potential methods for improvement to be explored. Construction and
design of new scintillator detectors is difficult and expensive. This is especially compounded by
unintended changes in one part of a complex system, such as PET, altering the performance in
another. At the beginning of this PhD, our initial aim was to implement some method of coupling
light out of the lateral faces of the scintillator crystal into waveguides. These flat thin waveguides
would propagate light to ends of the scintillator crystal and into the photodetectors. Critically the
reasons for why this would improve, or indeed degrade, the performance of the scintillator detector
was unknown. Prior work on the incorporation of photonic crystals at the top face had recently
demonstrated no clear improvement in the timing performance or light output, when grease was
present. Indeed no improvement over optical grease has yet to be seen. From this, I determined
that I had the problem backwards. It was not to determine what photonics would improve the
timing performance, but if photonics could improve the timing performance. It is this question
which I have aimed to answer in this work.
8.3 Criticisms of the work performed
There are several assumptions underlying the work in this thesis. In this section I will list the
key points and my justifications therein. Firstly we have made no attempt to specify an unbiased
estimator for calculation of the CRLB. It is known that discriminators are not unbiased [24,106] and
therefore will contribute to the timing degradation of the overall scintillator detector. We assume
that the contribution of this effect is negligible and that there is minimal distinction between a
well calibrated discriminator and the result from an ideal unbiased estimator.
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Secondly the results presented in Chapter 6 rely on arbitrary phase shifts with no concern for
what is physically allowed by laws such as Etendue in optics. Whilst such rules do place limitations
on what is allowed by optics we would make two assumptions. Firstly alteration of wavelength or
minor loss of energy is allowed for some alteration of the confinement of light. Secondly, the degree
of confinement required to improve the timing performance is minimal (see figure 6.30). Thirdly
and finally the results shown in the chapter are to demonstrate the effect of the reflection model
and geometry. These results present possible avenues for further work, some of which are discussed
in the next section.
8.4 Proposed Studies
Going forwards there are several promising lines of enquiry that should be investigated. Firstly
the DOI measurements should be repeated with an automated stage. Alteration by hand could
alter the electronic collimation and introduce a systematic bias. Furthermore, with a stage, many
more measurements per scintillator crystal could be found. Ultimately this would lead to a lower
experimental error and place a further bound on the change in the CTR with interaction position.
Secondly a simple study which could be performed, would be multiple attempts at wrapping
a scintillator crystal and measuring the resultant timing performance. In this work, this was
attempted at most three times (see table 3.4). With multiple attempts and a more methodical
approach, the size and variation in the ‘wrapping degradation’ contribution could be surmised. In
Chapter 6 this variation is claimed to be due to a mismatch in the interface between the wrapping
and the scintillator crystal. It would be interesting to see to what effect this is true. For instance,
painting the scintillator crystals with varying diffusive paints of different refractive indices would
give an indication of this effect. I would also recommend a study into metallic coatings of the
lateral faces. A simple test, such application of gold leaf, would give valuable data with respect to
changes in the CTR and light output.
For the optical results there are many more studies potentially possible. For TCSPC, the
biggest issue is ensuring a small region of high confinement. Repeating the measurements with
a lower wavelength, sub-400 nm, pulsed laser would be an excellent start. Furthermore utilising
larger scintillator crystals, or materials which show strong absorption in useful wavelength ranges,
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would allow the near/far results to be explored further. Ideally timing measurements using x-
rays (or higher energies) would allow the effect of radioluminescence to be incorporated into these
results.
The imaging sphere results are truncated in some respects due to the incalcitrance of the
machine’s software! Whilst each measurement may take minutes in theory, in practice each mea-
surement requires several calibration steps. Breakdowns, faults and conflicting results led me to
distrust a great many of the images resulting from the apparatus. Going forwards, the machine
itself is exceedingly powerful and will offer detailed results of material properties that cannot be
obtained in any other way easily. Work presented in [54] shows incorporation of BGO surface
reflection measurements into Look Up Table (LUT) used in Geant4 [107]. This allows BRDF
measurement to be directly incorporated into simulations. No work has yet added new look up
tables to Geant4. Measurements performed using the imaging sphere would be able to produce new
such tables. These would be exceedingly important in not only scintillator detector research but
also PET. GATE [108] is a radiology simulation tool based on Geant4. As previously mentioned
LYSO is the chosen material of new generation scintillator detectors. More information about these
would lead to more realistic simulations and hopefully designs for next generation PET scanners.
The maximum-likelihood model presented currently does not incorporate bulk or surface losses.
These contributions must be explored to determine if they are a larger effect than would be expected
from the inverse square root behaviour shown in equation 5.8. Another addition would be looking at
incorporation of multiple scintillator crystals or photodetectors. This would allow bulk scintillator
detectors to be investigated further.
Finally as to the scattering structures. The software written should be able to determine
if azimuthal angle confinement is possible with metasurfaces. If so, an optimal arrangement of
scatterers should be determined. From this, rigorous electromagnetic simulations looking at a
wide range of incident angles should look at design of the scatterer itself. I believe the most
promising line of work will look at incorporation of techniques to count the negatives of increasing
the scintillator crystal length. Sensitivity for whole body PET images must be improved. Longer
scintillator crystals are a good first step in this aim. This can be accomplished by incorporation
of additional photodetectors, allowing DOI information to be determined. Or indeed by inclusion
of azimuthal angle confinement at the lateral faces of the scintillator crystal.
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8.5 Summary
In this thesis new experimental results performed at UCL and CERN are used to validate an
extended Fisher Information model. The new model incorporates light transport, allowing pre-
dictions of various effects upon the scintillator detector performance. Alteration of the geometry
or surface reflection model is shown to improve the time resolution. This thesis concludes with a
description of one method to design altered surface reflection structures, known as metasurfaces.
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Appendix A
Direct Measurement
A.1 Background
A.1.1 Measurement of the Time Resolution
Idealised Measurement
Time to Amplitude
Converter
(TAC)
Radiation
Source
Discriminator
Start
Stop
Scintillator Crystal
Rhodorsil 47V
Photodetector
Electronics
Figure A.1: Schematic of an apparatus to measure the time resolution of a scintillator detector. A
quantum of radiation passing the dotted line will produce a perfect start signal. The subsequent
interaction of the radiation with the scintillator crystal will be detected by the photodetector. The
discriminator will produce a logical pulse when a sufficient signal from the photodetector reaches
it. The resulting difference in time between the start and stop signal is fed into a computer and
histogrammed to produce a relative time delay distribution. An example in theory is shown in
figure A.2.
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The determination of the uncertainty in the true arrival time of an ionising particle can be accom-
plished using the apparatus shown in figure A.1. When a single high-energy particle passes through
the dotted line a perfect start signal is sent to the time-to-amplitude converter (Time-to-Amplitude
Convertor (TAC)). If the particle interacts with the scintillator detector a pulse of optical photons
will be produced. This signal, assuming it meets the criteria of the discriminator, will produce a
logical pulse which is fed into the TAC as the stop signal. The TAC, assuming the time difference
between the two pulses is sufficiently low, will produce an output pulse with charge proportional
to the difference in arrival time between associated start and stop signals. Collections of many
such events will produce a list of the relative delay in arrival time between start and stop signals.
For a perfect scintillator detector we would expect a fixed difference in time due to the physical
difference in travel time between the signals, with zero variance.
In reality the apparatus shown in figure A.1 would generate the curve seen in figure A.2.
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Figure A.2: Difference in arrival time between start and stop signals histogram for apparatus
shown in figure A.1. In A we see the ideal performance where we see no variance in the relative
arrival time. In B we see a Gaussian distribution centred on the mean difference in arrival time.
These will be referred to as the delay peak and the delay peak centroid respectively. The standard
deviation of this delay peak is the time resolution of the scintillator detector. The blue dotted line
shows the true difference in time in the two paths to the TAC. The red dashed line shows the
mean difference between the start and stop signals. The difference between the two vertical lines
is the systematic error of the scintillator detector.
In figure A.2 we see two key pieces of information. Firstly we note that the standard deviation of
the Gaussian distribution (the delay peak) is known as the time resolution. Secondly a systematic
error introduced by the scintillator detector will not be explicitly visible. On the figure a blue
dotted line indicates the true arrival time of a particle at the scintillator detector. The difference
between this and the mean of the Gaussian distribution, indicated by the red dashed line, is
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the mean systematic time error of the scintillator detector. The ideal timing performance of a
scintillator detector would possess zero statistical and systematic error.
Measurements in Reality
In the idealised apparatus we have made the assumption that the variance in time between a
particle passing through the dotted line of figure A.1 and a signal being generated is effectively
zero in comparison to the variation introduced by the scintillator detector. This assumption will
only hold true where the uncertainty in the start signal is far lower than that of the stop. Two
such methods where this assumption holds are Time Correlated Single Photon Counting (TCSPC)
and the Delayed Coincidence method.
To measure the time resolution using the apparatus previous discussed would require a pulsed
gamma ray source. To overcome this limitation we typically measure the time resolution of two
identical scintillator detectors, simultaneously. This is accomplished by detection of gamma-gamma
correlation events generated by Sodium-22.
Figure A.3: Sodium-22 (Na22) emits a positron (an anti-electron) causing the creation of Neon-22
in an excited nuclei state. This decays to the ground state by the emission of a 1.2MeV gamma
ray photon. The positron will subsequently annihilate with an electron causing the creation of a
γγ pair travelling in opposite directions due to momentum conservation.
In figure A.3 the decay spectrum of Sodium-22 is shown. Whilst there is an angular relation-
ship between the emitted positron and 1 MeV gamma due to momentum conservation, there is
no angular relationship between the 1MeV gamma and the 0.511 MeV gamma ray photon pair.
However due to the rapid decay time of the Ne22 excited state the three gamma-ray photons will
be correlated in time. For most purposes the higher energy gamma ray photon is ignored.
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By placing a positron-emitting source, like Sodium-22, half way between two identical scintil-
lator detectors we can determine two pieces of information. Firstly the full-width-half-maximum
(FWHM) of the measured Gaussian distribution is known as the coincidence time resolution, or
CTR. Secondly the centroid of our data, the mean time delay between the two scintillator de-
tectors should be close to zero for two identical scintillator detectors. Thus giving us a measure
of the systematic error. The Gaussian distribution produced in a convolution of two Gaussian
distributions describing the individual scintillator detector’s relative timing delay.
A.2 Light Output Measurements
A.2.1 Overview
L(Y)SO:Ce Scintillator Crystal
Rhodorsil 47V optical grease
Hamamatsu XP2020 Q PMT Photodetector
Caesium 137 Radiation Source
Black plastic Holder
Rubber O Ring
Figure A.4: A cross-section of the cylindrically-shaped light output apparatus. On top of a Photonis
XP 2020 Q photomultiplier tube [17], shown in yellow, sits an opaque black plastic holder. Within
this sits the scintillator crystal sample centred in the optimal position over the photomultiplier
glass window. Directly above the scintillator crystal Cs-137 emitting 662 keV gamma ray photons.
In this experiment a calibrated Photonis XP2020 Q photomultiplier tube (PMT) has been used
to estimate the light output. The light output is the number of photons detected per event per
MeV. This is accomplished by determining the location of a known photopeak within the calibrated
energy spectra of the Photomultiplier Tube (PMT). Due to the excellent linearity offered by the
PMT, and the stability of measured properties such as gain, variation in the light output due to
external factors such as the wrapping and optical grease may be determined. This experiment is
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useful in addition to previous measurements as PMTs demonstrate excellent linearity with energy
and stability with temperature in comparison to SiPMs. Both properties lead to more reliable
estimates of the number of photons detected. As discussed in chapter 5, the time resolution
is directly influenced by the number of photons detected. In these measurements we wish to
determine the contribution of the the wrapping and optical grease upon the light output. Two
optical greases, with refractive indices 1.4 and 1.6, from Cargille Laboratories were used with two
Proteus 2× 2× 5 mm3 LYSO:Ce scintillator crystals.
A.2.2 Experimental Method
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Figure A.5: A typical energy spectra measured for a Proteus LYSO:Ce scintillator crystal. The
photopeak region, show in light grey is fitted to using a scaled Gaussian, shown in red to determine
the photopeak location and scale parameters. These correspond to the light output and the
uncertainty in the measurement respectively. The measurement shown uses a wrapped 5 mm
scintillator crystal with an optical grease with refractive index of 1.4 and an attenuation of 15dB.
In figure A.4 a cross section of the cylindrical light output apparatus is shown. In this a rubber
O ring sits upon the PMT glass window (shown in yellow) to prevent seepage of optical grease,
shown in pink. A top this sits a two part opaque black plastic holder. This serves two purposes.
Firstly to prevent light from scintillator crystal faces not in contact with the PMT from being
detected. Secondly the holder will centre the scintillator crystal upon the PMT glass window.
As the quantum efficiency can vary across the glass window, holding centred will negate this as
a source of error. Above the scintillator crystal, shown in green, sits a black plastic cap with
an Caesium 137 662 keV γ source placed upon it. The PMT is connected to an amplifier and
analogue-to-digital convertor (ADC) connected to a PC. The incident charge of every event falling
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within the range of the ADC, tuned by selection of attenuators prior to amplification, is recorded
on the PC.
Using the photopeak’s location (ch), the photoelectron and light output, NPhe and NPh respec-
tively, can be calculated using
NPhe =
qch ch 10
dB
10
qeG
(A.1)
Nph = qeffNPhe (A.2)
where (with default values in brackets) qch is the charge per channel of the ADC (160fC); ch is the
fitted photopeak centroid position; dB is the attenuation applied to the PMT before arriving at
the ADC; qe is the charge of an electron (1.602× 10−19C); G is the gain of the PMT (1.2× 107)1
and qeff is the quantum efficiency of the PMT for the LYSO emission (0.22). As the energy of the
Caesium 137 photopeak (662 keV) is known we can now define the light output, that is the number
of photons detected per MeV as
LY =
Nph
Eγ
(A.3)
where Eγ is the energy of the photopeak in MeV (0.662 MeV). The error in the light yield is
calculated from the standard deviation in the photopeak.
1A known sample is recorded prior to every measurement. If the calculated light output of the sample is seen to
change, the gain is scaled appropriately to adjust for the alteration in the PMT’s performance. This was found not
to be required in the measurements presented in this chapter.
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A.2.3 Light Output Results
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Figure A.6: Boxplots of light output results grouped by scintillator crystal and optical grease for
the unwrapped configuration.
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Figure A.7: Boxplots of light output results grouped by scintillator crystal and optical grease for
the wrapped configuration.
In figures A.6 and A.7 boxplots of the light output (per MeV) grouped by optical grease and
scintillator crystal are given for unwrapped and wrapped measurements respectively. In these
plots only crystals standing vertically upon the PMT (the top orientation) are given. In table A.1
results for the 5A and 5B scintillator crystals are given. Also shown are two optical greases with
refractive indices 1.4 and 1.6. Those listed as ‘None’ use no optical grease.
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Table A.1: Light output (LY) per MeV measurements performed using Photonis XP2020 Q PMT.
Scintillator Crystal Configuration Orientation Optical Grease n LY (per MeV)
5A unwrapped top None 6620±20
5B unwrapped top None 6850±30
5B unwrapped top 1.6 5820±20
5A unwrapped top 1.6 6820±30
5A unwrapped top 1.6 7040±50
5B unwrapped side 1.6 14520±10
5B unwrapped side 1.6 20060±20
5A wrapped top None 14210±40
5B wrapped top None 19460±90
5A wrapped top 1.4 13710±760
5A wrapped top 1.4 14190±130
5B wrapped top 1.4 15660±80
5B wrapped top 1.4 16900±20
5A wrapped top 1.4 18790±60
5A wrapped top 1.6 10810±320
5A wrapped top 1.6 10970±20
5B wrapped top 1.6 16580±30
5B wrapped top 1.6 16640±150
Firstly we note that the inclusion of PTFE tape wrapping causes the largest change to the light
output. In the case of the top orientation measurements, we take the mean across the unwrapped
and wrapped measurements, irrespective of optical grease. These give values of 6630±13 per MeV
for the unwrapped scintillator crystals compared to 16079± 21 per MeV for the wrapped. This is
an increase in the light output by a factor of 2.4. Secondly all measurements show no positive effect
due to the inclusion of optical grease. Two possible explanations are that the layer of fluid being
too thick; thus attenuating the signal reaching the PMT. Alternatively the scintillator crystal is
coupling to the photodetector face sufficiently well without the additional layer; such that any
benefit of inclusion of optical grease is negligible. Thirdly we notice a clear increase in the light
output for the side orientation of the scintillator crystal compared to the top orientation. In this
case the area in contact with the PMT increases from 4 mm2 to 20 mm2 between the top and side
orientations. We see an increase in the light output of between 2.5 and 3 in this case.
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A.2.4 Light Output Discussion
Our results show a clear increase in the light output with the inclusion of wrapping about the
scintillator crystal. The ratio between the two configurations’ light output is in good agreement
with previous measurements given in [22]. In this case the light output increases with a ratio of
46:100 (see table VI) between the unwrapped and wrapped configurations. This is an increase of
2.2; in good agreement with the ratio of 2.3 seen in our own measurements. No clear result was
seen from the optical grease measurements. This (lack of) result is in agreement with [109].
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Appendix B
Indirect Measurement
B.1 Reflection Goniophotometer Measurement Procedure
B.1.1 Preparations
These steps must be followed to ensure the Imaging Sphere is ready for operation.
• Pull red stop button and press green button to start - A clunk should be heard.
• Switch on light source and monochromator, plug in camera.
• Ensure all three USB cables are plugged into the laptop before switching on. See above
image.
• Switch on laptop and login ‘9.08 lab’ with password ‘radiantzemax’.
• Turn on IS-SA tool. If software is working there will be no errors.
• Create new measurement file in software for EACH samples measurement.
B.1.2 Calibration of Imaging Sphere
The calibration must be performed daily or whenever the aperture/fibre optic is moved. Each
calibration is only valid for the angular and wavelength values given. Choose ‘bright spot’, ‘auto-
exposure’ and ‘clear’ filter for calibration stage. Choose an aperture - if your sample is large choose
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a large aperture to maximise reflectance. Aperture Mask Calibration for the angle(s), wavelength(s)
and aperture to be used in the experiment. BRDF Calibration for reflection measurements using
the above angle and wavelength ranges. Press the ‘reset queue’ button and ensure wavelength
information is the same.
Note - Software will (sometimes) forget angular and wavelength information between screens.
Ensure these are set correctly before beginning a measurement.
B.1.3 Measurements using the Imaging Sphere
Fix the sample to the aperture. If the sample is small enough, cover with the light trap. For a
highly specular sample choose ‘bright spot’ for auto-exposure time. For diffuse samples choose
‘average’ for auto-exposure time. For highly transparent samples you can fix the exposure time to
prevent excessively long runs. Choose either B DF or CCB DF (cosine corrected) before the scan.
Where the gap is R for reflection or T for transmission. If unsure, choose cosine corrected. Use
the ‘scan’ option to run through the wavelength and angular ranges calibrated for. For each ‘scan’
create a new measurement database. Useful data can be found using the IS-SA report tool such
as total reflectance.
B.1.4 Exporting Data from the Imaging Sphere
For each measurement database click ‘tools’ → ‘BRDF export’. Ensure ‘Assume Symmetry’ is
switched OFF. Added relevant information is added and ensure correct ‘side’ to chosen. Export
away! The resulting BRDF file can be read using the code at Github Optical Measurements. The
format information is availabe in full at Radiant Zemax BSDF File Format.
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Appendix C
Theoretical Model and Validation
C.1 Cramer Rao Derivation
We begin by determining the expectation value of ∂λn∂Θ
∂λn
∂Θ
=
∂
∂Θ
ln pn(~t|Θ) = 1
pn
∂pn
∂Θ
(C.1)
E[
(∂λn
∂Θ
)
] =
∫
· · ·
∫
1
pn
∂pn
∂Θ
fndt1 · · · dtn (C.2)
E[
(∂λn
∂Θ
)
] =
∫
· · ·
∫
∂pn
∂Θ
dt1 · · · dtn = 0 (C.3)
This equals zero because one of the properties of the PDF is
∫
S
p(t|Θ)dt = 1 (C.4)
where S is every possible value of t. We can use this result to redefine the Fisher information
(equation 5.5) in terms of variance such that
Var[X] := Cov[X,X] = E[X2]− E[X]2 (C.5)
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Therefore
Var[
( ∂λ
∂Θ
)
] = E[
( ∂λ
∂Θ
)2
]− E[
( ∂λ
∂Θ
)
]2 (C.6)
I(Θ) = Var[
( ∂λ
∂Θ
)
] = E[
( ∂λ
∂Θ
)2
] (C.7)
Using this result we can use the Cauchy-Schwarz inequality
(
Cov[X,Y ]
)2
≤ σ2Xσ2Y (C.8)
where Cov[X,Y ] is the covariance defined as
Cov[X,Y ] = E[XY ]− E[X]E[Y ] (C.9)
we should be able to reach an equation relating the variance in a parameter to the Fisher Infor-
mation. Firstly We define a statistic T = r(~t) which is an estimator of the parameter Θ. Using
equation C.8 we see that
Cov[T,
∂λn
∂Θ
] = E[T
∂λn
∂Θ
]− E[T ]E[∂λn
∂Θ
] (C.10)
Which using equation C.3 reduces to
Cov[T,
∂λn
∂Θ
] =
∫
· · ·
∫
r(~t)
∂λn
∂Θ
dt1 · · · dtn = ∂m(Θ)
∂Θ
(C.11)
Therefore using the Cauchy-Schwarz inequality with equations C.7 and 5.6 we now see
(
Cov[T,
∂λn
∂Θ
]
)2
≤ Var[T ]Var[∂λn
∂Θ
] (C.12)(∂m(Θ)
∂Θ
)2
≤ Var[T ]nI(Θ) (C.13)
Var[T ] ≥
(∂m(Θ)
∂Θ
)2 1
nI(Θ)
(C.14)
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And thus we get to the Cramer-Rao lower bound. For this to be valid, the statistic T must follow
the form
r(~t) = u(Θ)
∂λn
∂Θ
+ v(Θ) (C.15)
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Appendix D
Photonics
D.1 Unpolarised Light
ᶿ
n n0
ε
ε
ε∥ ⟂ 
0∥ 
Figure D.1: Orthogonal Modes, ⊥ and ‖, defined relative to incident and outgoing directions.
In figure D.1 we define two orthogonal polarisations relative to the incident and outgoing directions
These can be stated mathematically as
~⊥ = ~n0 × ~n (D.1)
~‖ = ~⊥ × ~n0 = (~n0 × ~n)× ~n0 (D.2)
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where ~n0 is the incident direction vector, ~n is the scattered direction vector and ~k is the wavevector
of the incoming wave. The wavevector can be defined as
~k = k~n0 (D.3)
∴ ~k = k(~‖ × ~⊥) (D.4)
For these two polarisations we can define two individual differential cross sections for the two
known polarisations as
dσ
dΩ
=
k4
(4pi0E0)2
|~.~p|2F (D.5)
∴
dσ‖
dΩ
=
k4
(4pi0E0)2
| − ~p.~n0 × (~n0 × ~n)|2F (D.6)
∴ dσ⊥
dΩ
=
k4
(4pi0E0)2
|~p.(~n0 × ~n)|2F (D.7)
For unpolarised light we must consider both polarisations equally, such that
dσ
dΩ
=
k4
(4pi0E0)2
∣∣∣(~∗⊥.~p)~⊥ + (~∗‖.~p)~‖∣∣∣2F (~q) (D.8)
dσ
dΩ
=
dσ⊥
dΩ
+
dσ‖
dΩ
(D.9)
This results in an addition of the two orthogonal modes for unpolarised light.
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